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Sé pequeño 
Sé una gota en el jardín 
Sigue el curso de agua 
Que nos leve donde nunca fuimos. 
Por senderos que se bifurcan 
Por mundos paralelos 
En los primeros tres minutos 
Se hizo el universo 
Precisamente todo está pasando 
Aquí y ahora 
 
Gustavo Adrian Cerati 
Aquí & Ahora, 1999 
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Abstract 
BONILLA VALVERDE, José Pablo – "Managed Aquifer Recharge Assessment to Overcome 
Water Scarcity During the Dry Season in Costa Rica" 
 
The current pressure on water resources is such, that water scarcity is now an important issue 
in regions with abundant water resources like the Tropics.  These regions are characterized 
by high precipitation rates almost al year long. This results in a relatively large availability of 
water resources. However, these water resources are not always equaly distributed in time 
or space, which causes periods and puts areas under water stress in tropical regions. Added 
to this is the chalenge related to the access to these water resources, resulting in a reduced 
availability in general terms. Costa Rica is a clear example of a country in the Tropical regions, 
where water scarcity is, actualy, on the top of the water agenda. 
Costa  Rica is in the torrid tropical region in  Central  America,  yet it  experiences periods  of 
shortage in its available water resources at the end of the dry season. This affects al water 
sectors,  specialy  agriculture and drinking water  supply  systems.   This  situation  has  been 
magnified  by global  change,  with a  greater  demand  of resources from  population  growth, 
impermeabilization of recharge areas due to urbanization, and reduction of resources due to 
climate change. To adapt to the situation, it is necessary to conduct an evaluation of suitable 
water management tools for the country’s environmental conditions in a systematic way. This 
work focuses on one of these tools: managed aquifer recharge (MAR) 
MAR techniques are a promising approach to address the defined problems, by storing the 
excess of available water resources during the rainy season in suitable aquifer systems for 
later use during the dry season.  MAR techniques present certain advantages compared to 
surface storage: less losses through  evaporation, less  demand  of  superficial  area,  among 
others.  In  order to determine if MAR techniques  are  suitable for  Costa  Rica  and wil  help 
overcome the temporary water  scarcity chalenge, three  main topics  at  different  scale  are 
investigated. First, at a country scale, the search of suitable areas for specific MAR techniques 
within the country is carried out based on physical criteria. Second, at a research scale, it is 
reduced to a basin level. For this case, the assessment of a MAR project based on the first 
stage of the Australian MAR guidelines is done.  This consists of a checklist of five critical 
elements,  which constitutes the  base for the  assessment  of  a  MAR  project.  Third, the 
research is taken into a laboratory scale, where the research focuses on an injection wel in 
an unconfined aquifer system. 
For the first topic, suitable areas for the implementation of MAR technique spreading methods 
are identified in Costa  Rica by  conducting  a  geographical information  science-multi-criteria 
decision  analysis (GIS-MCDA)  approach.   This is based  on four  criteria: hydrogeological 
geoaptitude, terrain slope, top soil texture, and drainage network density.  By carrying out a 
GIS-MCDA, the country is classified into suitable and unsuitable. Based on this method, 61 % 
of the country is suitable for spreading methods. Among the higher ranked suitable areas are 
the ones located in the northern and northwest regions. The ranking of the country based on 
spreading methods by means of a GIS-MCDA method is a first course of action to determine 
where further research is needed. 
In the second research level, the feasibility of a MAR project was assessed in the Machuca 
River basin. This river basin was chosen because: the drinking water supply systems (WSS) 
do not meet the actual demand, there is government interest to research new water supply 
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alternatives  and there is  enough  basic information  on this  water  basin.   To  evaluate the 
feasibility of a MAR project in the basin, the first stage of the feasibility assessment proposed 
by the Australian MAR guidelines was performed. This consists of a checklist of five critical 
elements: 1) sufficient demand, 2) adequate recharge source, 3) suitable aquifer, 4) space to 
treat and, 5) human capability. For an easier analysis of the whole river basin, it was divided 
into five locations based on the superficial aquifer water levels. It was concluded that a MAR 
project seems viable in this river basin in the Coyolar and Orotina locations. 
Regarding the MAR technique to be applied in the MAR project at the Machuca River basin, 
two considerations were taken: the previously determined suitability and the local conditions. 
First, the entire Machuca River is ranked as suitable for surface infiltration (MAR spreading 
method)  based  on the results from the  country  scale  analysis.   The  Coyolar  and  Orotina 
locations  are ranked  as having a moderate suitability (between  0.4-0.6).   Second, the  best 
material aquifer for recharge in these two locations are the fractured lavas and aluvium located 
under clay layers.  For these two reasons (moderate spreading methods suitability and local 
conditions), it was decided that direct injection MAR techniques (aquifer storage and recovery 
– ASR) wil be more appropriate for these two locations. 
At the laboratory research scale, the effect of the wel screen length on the injection rate for 
an unconfined aquifer was corroborated under controled laboratory conditions. This is one of 
the first experiments on the topic to the best of the author’s knowledge.  One of the main 
findings  of the laboratory research is the  almost  neglectful  effect  on the injection rate for 
screen lengths above 80 % of the saturated thickness in an unconfined aquifer.  The effect 
on the screen length is notable in the injection rate for open screen length under 80 % of the 
total aquifer thickness (95 % of the maximum achievable injection rate) and it increases for 
open screen lengths under 40 % (90 % of the maximum achievable injection rate). Based on 
the experimental results, it is recommended to use a screen length of 40 % of the saturated 
aquifer thickness for ASR wels and of 80 % for injection wels. 
This assessment  shows that MAR techniques  are  suitable for  Costa  Rica’s environmental 
conditions.   Further  on, the  assessment at the  basin level  shows  MAR techniques  as  a 
promising  solution to  overcome  water  scarcity issues.   The laboratory  scale  aquifer-wel 
interactions show promising results regarding the effect of the screen wel in the injection 
rate.  Stil, more research is needed in this field regarding other aquifer types.  Based on al 
these findings, MAR techniques are an appropriate tool for the integrated water management 
in the tropical regions. 
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Kurzfassung 
BONILLA VALVERDE, José Pablo – "Bewertung von Managed Aquifer Recharge in Costa Rica 
zur Überwindung der Wasserknappheit während der Trockenzeit" 
 
Der gegenwärtige Druck auf die Wasserressourcen ist so groß, dass Wasserknappheit sogar 
in den Tropen zum Thema wird. Diese Regionen sind von hohen Niederschlagsraten geprägt, 
was zu einer relativ großen Verfügbarkeit von Wasserressourcen führt. Diese sind jedoch nicht 
immer zeitlich und räumlich gleich verteilt, was temporären und/oder regionalen Wasserstress 
verursacht.  Darüber  hinaus  hängt  die  Herausforderung  auch  mit  dem  Zugang zu  diesen 
Wasserressourcen zusammen, was zu einer algemein reduzierten Verfügbarkeit führt. Costa 
Rica ist ein Beispiel für ein tropisches Land, in dem Wasserknappheit in den letzten Jahren 
zunehmend an Relevanz gewonnen hat. 
Costa  Rica leidet  gegen  Ende  der  Trockenzeit fast jedes  Jahr  an  einem temporären 
Wassermangel. Dies betrifft ale Wassersektoren, insbesondere die Landwirtschaft und die 
Trinkwasserversorgung. Diese Situation wird durch den globalen Wandel verstärkt, mit einer 
größeren  Nachfrage  nach  Ressourcen  aufgrund  von  Bevölkerungswachstum,  der 
Verhinderung von Grundwasserneubildung durch Urbanisierung und Versiegelung und, nicht 
zuletzt,  den  Klimawandel.  Um  sich  an  diese  Situation  anzupassen, ist  es  notwendig,  eine 
systematische  Evaluierung  geeigneter  Wasserbewirtschaftungsinstrumente für  die 
Umweltbedingungen des Landes durchzuführen. Die vorliegende Arbeit konzentriert sich auf 
eines dieser Werkzeuge: Managed Aquifer Recharge (MAR). 
MAR-Techniken  stelen  einen  vielversprechenden  Ansatz  dar,  um  die zuvor  definierten 
Probleme anzugehen, indem die überschüssigen Wasserressourcen während der Regenzeit 
in  geeigneten  Grundwasserleitersystemen zur  späteren  Nutzung in  der  Trockenzeit 
gespeichert  werden.  MAR-Techniken  bieten im  Vergleich zur  Oberflächenspeicherung 
gewisse  Vorteile,  unter  anderem  geringere  Verdunstungsverluste  und  geringeren 
Raumbedarf. Um zu bestimmen, ob MAR-Techniken für Costa Rica geeignet sind und dabei 
helfen  können,  die zeitlichen  Wasserknappheitsherausforderungen zu  überwinden,  wurden 
drei  Hauptthemen in  unterschiedlichen  Skalen  untersucht.  Die  Suche  nach  geeigneten 
Gebieten für spezifische MAR-Techniken im  Land  erfolgte zunächst  auf  der  Grundlage  von 
physikalischen  Kriterien.  Als  Zweites  wurde  die  Forschungsskala  auf  ein  Beckenniveau 
reduziert.  Für  diesen  Fal  wurde  die  Bewertung  eines  MAR-Projekts  auf  der  Grundlage  der 
ersten  Stufe  der  australischen  MAR-Richtlinien  durchgeführt.  Diese  basiert  auf  einer 
Checkliste  mit fünf  kritischen  Elementen,  welche  die  Grundlage für  die  Bewertung  eines 
MAR-Projektes bilden. Zuletzt wurde die Untersuchung im Labormaßstab durchgeführt, wobei 
sich  die  Experimente  auf Injektionsbohrlöcher in  einem  ungespannten 
Grundwasserleitersystem konzentrierten. 
Für das erste Thema wurden in Costa Rica geeignete Bereiche für die Implementierung von 
MAR-Technik-Verteilungsmethoden  mithilfe  eines  GIS-basierten  Multikriterien-
Entscheidungsanalysen-Ansatzes (GIS-MCDA) identifiziert. Dieser basierte auf vier Kriterien: 
Hydrogeologie,  Geländegefäle,  oberste  Bodentextur  und  Drainagenetzdichte.  Durch  die 
Realisierung  eines  GIS-MCDA  wurde  das  Land in  geeignete  und  ungeeignete  Gebiete 
eingeteilt. Mit dieser Methode wurden 61 % des Landes als geeignet für die Beckeninfiltration 
befunden. Gut eingestufte Gebiete liegen hierbei größtenteils im Norden und im Nordwesten. 
Das  Ranking-Verfahren  des  Landes  mit  Hilfe  einer  GIS-MCDA-Methode ist  eine  erste 
Vorgehensweise zur Bestimmung weiterer Forschungsgebiete. 
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In  der zweiten  Forschungsstufe  wurde  die  Machbarkeit  eines  MAR-Projekts im  Machuca-
Einzugsgebiet  untersucht.  Dieses  Flussgebiet  wurde  aus folgenden  Gründen  gewählt:  Die 
Trinkwasserversorgungsanlagen erfülen die tatsächliche  Nachfrage  nicht,  weshalb  es  auch 
im Interesse  der  Regierung liegt,  nach  Alternativen für  die  Wasserversorgung zu forschen. 
Darüber  hinaus ist  die  Region  geologisch  gut  erschlossen  und  die Informationsdichte ist 
ausreichend  hoch.  Um  die  Realisierbarkeit  eines  MAR-Projektes im  Einzugsgebiet zu 
bewerten, wurde die erste Stufe der Machbarkeitsbewertung anhand der Checkliste an fünf 
kritischen  Elementen  durchgeführt:  1)  ausreichende  Nachfrage,  2)  angemessene 
Wiederaufladungsquele, 3) geeigneter Grundwasserleiter, 4) Raum für Maßnahmen und 5) 
Humanressourcen.   Um  die  Analyse  des  gesamten  Flusseinzugsgebietes zu  vereinfachen, 
wurde  es in fünf  Bereiche  eingeteilt,  die  auf  den  oberflächennahen  Grundwasserständen 
basieren. Es wurde der Schluss gezogen, dass ein MAR-Projekt in diesem Flussgebiet an den 
Standorten Coyolar und Orotina nachhaltig erscheint. 
In  Bezug  auf  die  MAR-Technik,  die in  einem  MAR-Projekt  am  Machuca-Flussbecken 
angewendet werden sol, wurden Überlegungen angestelt hinsichtlich der zuvor ermittelten 
Eignung  und  der  örtlichen  Gegebenheiten.  Zunächst  wurde  der  gesamte  Machuca-Fluss 
aufgrund  der  Ergebnisse  der  Länderanalyse  als  geeignet für  die  Oberflächeninfiltration 
eingestuft.  Die  Coyolar- und  Orotina-Standorte  wurden  mit  einer  moderaten  Eignung 
eingestuft.  Weiterhin  wurde festgestelt,  dass  die für  die  Grundwasseranreicherung 
geeignetste  Formation  die  Kies- und  Bruchlavenlagen  darstelen,  die  sich  unter  einer 
Tonschicht befinden. Aus diesen beiden Gründen (moderate Eignung für Beckeninfiltration, 
und lokale  Hydrogeologie)  wurde  entschieden,  dass  MAR-Techniken  mit  direkter Injektion 
(Aquifer Storage and Recovery - ASR) für diese beiden Standorte geeigneter sind. 
In der kleinsten Untersuchungsskala wurde der Einfluss der Filterlänge auf die Injektionsrate 
für einen freien Grundwasserleiter unter kontrolierten Laborbedingungen bestätigt. Dies ist 
eines der ersten Experimente zu diesem Thema nach bestem Wissen des Autors. Eines der 
Hauptergebnisse  der  Laborforschung ist  der fast  vernachlässigbare  Effekt  auf  die 
Injektionsrate  bei  Filterlängen  von  über  80 %  der  gesättigten  Mächtigkeit in  einem freien 
Grundwasserleiter.  Die  Wirkung  auf  die  Filterlänge ist  bei  der Injektionsrate für  offene 
Filterlängen  unter  80 %  der  gesamten  Grundwasserleiterhöhe (95 %  der  maximal 
erreichbaren Injektionsrate)  und  bei  offenen  Filterlängen  unter  40 % (90 %  der  maximal 
erreichbaren Injektionsrate). Basierend auf den experimentelen Ergebnissen wird empfohlen, 
eine Filterlänge von 40 % der gesättigten Grundwasserleiterhöhe für ASR-Brunnen und 80 % 
für Injektionsbohrungen zu verwenden.  
Die vorliegende Bewertung zeigt, dass MAR-Techniken für die Umweltbedingungen in Costa 
Rica  gut  geeignet  sind.  Darüber  hinaus  demonstriert  die  Bewertung  auf  der 
Einzugsgebietsebene  MAR als  eine  Lösung zur  Überwindung  von 
Wasserknappheitsproblemen.  Die  Grundwasserleiter-Brunnen-Interaktionen im 
Labormaßstab zeigen vielversprechende Ergebnisse hinsichtlich der Wirkung der Filterlänge 
auf die Injektionsrate. Dennoch ist auf diesem Gebiet mehr Forschung in Bezug auf andere 
Aquifertypen  erforderlich.  Basierend  auf  al  diesen  Erkenntnissen  sind  MAR-Techniken  ein 
geeignetes Werkzeug für das integrierte Wassermanagement in der tropischen Umwelt.. 
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Resumen 
BONILLA VALVERDE, José Pablo – " Evaluación de la Gestión de Recarga Acuífera en Costa 
Rica para Superar la Escasez de Agua Durante la Estación Seca" 
 
La  presión  actual  sobre los recursos  hídricos  es tal,  que la  escasez  de  agua  es  ahora  un 
problema importante en áreas con abundantes recursos hídricos como las regiones tropicales. 
Estas regiones se caracterizan por altas tasas de precipitación casi durante todo el año.  Esto 
da como resultado una disponibilidad relativamente grande de recursos hídricos.  Sin embargo, 
estos recursos hídricos no siempre se distribuyen equitativamente en el tiempo y el espacio, 
lo que causa períodos y pone áreas bajo estrés hídrico en las regiones tropicales. Además de 
esto, el desafío también está relacionado con el acceso a estos recursos hídricos, lo que crea 
una disponibilidad reducida en términos generales. Costa Rica es un claro ejemplo de un país 
en las regiones tropicales, donde la escasez de agua se encuentra en lo más alto de la agenda 
del agua. 
Costa  Rica  está  situada  en la región tropical tórrida  de  América  Central,  sin  embargo, 
experimenta períodos de escasez en sus recursos hídricos disponibles al final de la estación 
seca.  Esto afecta a todos los sectores de agua, especialmente a la agricultura y a los sistemas 
de suministro de agua potable. Esta situación ha sido magnificada por el cambio global, con 
una mayor demanda de recursos por el crecimiento de la población, la impermeabilización de 
las áreas de recarga por la urbanización y la reducción de recursos debido al cambio climático. 
Para adaptarse a esta situación, es necesario levar a cabo una evaluación sistemática de las 
herramientas de gestión del agua adecuadas para las condiciones ambientales del país. Este 
trabajo se centra en una de estas herramientas: la gestión de la recarga acuíferos gestionados 
(MAR). 
Las técnicas de MAR son un enfoque prometedor para abordar los problemas previamente 
definidos, almacenando el exceso de recursos hídricos disponibles durante la estación luviosa 
en sistemas acuíferos adecuados para su uso posterior en la estación seca.  Las técnicas de 
MAR presentan ciertas ventajas en comparación con el almacenamiento en superficie: menos 
pérdidas  por  evaporación  y  menor  demanda  de  área  superficial,  entre  otras.  Con  el fin  de 
determinar si las técnicas de MAR son adecuadas para Costa Rica y ayudarán a superar los 
desafíos temporales de escasez de agua, se investigaron tres temas principales a diferentes 
escalas.  Primero, en  una  escala  de  país, la  búsqueda  de  áreas  adecuadas  para técnicas 
específicas de MAR en el país se realizó con base en criterios físicos. En segundo lugar, la 
escala de investigación se reduce a un nivel de cuenca. Para este caso, se realizó la evaluación 
de un proyecto de MAR basado en la primera etapa de las directrices australianas de MAR. 
Esta consiste en una lista de verificación de cinco elementos críticos, que constituye la base 
para la evaluación de un proyecto MAR. En tercer lugar, la investigación se leva a escala de 
laboratorio, donde la investigación se centra en los pozos de inyección en un sistema acuífero 
no confinado. 
Para el primer tema, las áreas adecuadas para la implementación de los métodos de infiltración 
de la MAR  se identifican  en  Costa  Rica  mediante  un  enfoque  de ciencia la información 
geográfica y análisis de decisión multicriterio (SIG-MCDA). Esto se basa en cuatro criterios: 
geoaptitud hidrogeológica, pendiente del terreno, textura del suelo superior y densidad de la 
red de drenaje. Al realizar un GIS-MCDA, el país se clasifica en áreas adecuadas e inadecuadas. 
Con  base  en  este  método,  el  61 %  del  país  se  consideró  adecuado  para  métodos de 
infiltración. Las áreas adecuadas mejor clasificadas se encuentran en las regiones del norte y 
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noroeste del país.  La clasificación del país según el potencial de los métodos de infiltración 
por medio de un método GIS-MCDA es un primer curso de acción para determinar otras áreas 
de investigación. 
En el segundo nivel de investigación, se evaluó la factibilidad de un proyecto MAR en la cuenca 
del río Machuca.  Esta cuenca hidrográfica se eligió porque: los sistemas de suministro de 
agua potable no satisfacen la demanda real, existe un interés del gobierno en buscar nuevas 
alternativas  de  suministro  de  agua  y  hay  suficiente información  básica  en  esta  cuenca 
hidrográfica.  Para evaluar la factibilidad de un proyecto MAR en la cuenca, la primera etapa 
de la evaluación se realizó sobre la base de la lista de cinco elementos críticos: 1) demanda 
suficiente, 2) fuente de recarga adecuada, 3) acuífero adecuado, 4) espacio para tratar el agua 
y, 5) la capacidad humana.  Para facilitar el análisis de toda la cuenca del río, se dividió en cinco 
localidades en función de los niveles de agua superficiales del acuífero. Se concluyó que un 
proyecto MAR parece viable en esta cuenca en las localidades Coyolar y Orotina. 
Con respecto a la técnica de MAR que se aplicará en un proyecto MAR en la cuenca del río 
Machuca,  se tomaron  dos  consideraciones: la idoneidad  previamente  determinada  y las 
condiciones locales. En primer lugar, todo el río Machuca se clasifica como adecuado para la 
infiltración superficial (método de infiltración MAR) en función de los resultados del análisis a 
escala de país.  Las localidades Coyolar y Orotina se clasifican con una idoneidad moderada. 
En  segundo lugar,  el  mejor material acuífero  para la recarga  en  estos  dos lugares  son las 
fracturas lavas  y  aluviones  ubicados  bajo  capas  de  arcila.  Se  decidió  que las técnicas  de 
inyección  directa  MAR (almacenamiento  y recuperación - ASR)  serán  más  apropiadas  para 
estas  dos  ubicaciones  por  estas  dos razones (idoneidad  de los  métodos  de  propagación 
moderada y condiciones locales). 
En la escala de investigación más pequeña, el efecto de la longitud de la pantala del pozo 
sobre la tasa de inyección para un acuífero no confinado se corroboró bajo condiciones de 
laboratorio controladas. Este es uno de los primeros experimentos sobre el tema según el 
mejor  conocimiento  del  autor.  Uno  de los  principales  halazgos  de la investigación  de 
laboratorio es el efecto casi nulo en la tasa de inyección para longitudes de pantala superiores 
al 80 % del espesor saturado en un acuífero no confinado. El efecto en la longitud de la pantala 
es apreciable en la velocidad de inyección para pantala abierta inferior al 80 % del espesor 
total  del  acuífero (95 %  de la máxima velocidad  de inyección  alcanzable)  y  aumenta  para 
longitudes  de  pantala  abierta  por  debajo  del  40 % (90 %  de la máxima tasa  de inyección 
alcanzable). En base a los resultados experimentales, se recomienda utilizar una longitud de 
mala del 40 % del espesor del acuífero saturado para los pozos ASR y del 80 % para los pozos 
de inyección. 
La presente evaluación muestra que las técnicas de MAR son adecuadas para las condiciones 
ambientales de Costa Rica.  Más alá, la evaluación a nivel de cuenca muestra las técnicas de 
MAR como una solución para superar los problemas de escasez de agua. Las interacciones 
entre  acuíferos  y  pozos  a  escala  de laboratorio  muestran resultados  prometedores  con 
respecto  al  efecto  de la  pantala  en la  velocidad  de inyección.  Aun  así,  se  necesita  más 
investigación en este campo con respecto a otros tipos de acuíferos. Con base en todos estos 
halazgos, las técnicas de MAR son una herramienta apropiada para la gestión integrada del 
agua en las regiones tropicales. 
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1. Introduction 
Water is used to satisfy our most basic needs: for direct consumption and food production, 
as  wel  as more intricate  necessities (such  as industrial  uses, transport,  and  others).   The 
natural seasonal and spatial distribution of the water resources is regulated by the water cycle, 
which governs the fluxes between the different reservoirs (atmosphere, oceans, superficial 
water bodies, vadose zone, and groundwater).  The water cycle is driven by many factors, 
most significant atmospheric conditions, land cover, and anthropogenic activities. The latter 
do not only affect the quantity of water resources and their seasonal and spatial distribution, 
but, can also have a great impact in the quality of water resources. 
The human society depends on storage (natural or artificial) to overcome the incongruence 
between the seasonal  distribution of the  water resources  and their needs.  Also, through 
human  history, mankind has created  outstanding hydraulic infrastructure to transfer  water 
between  areas  and regions to  solve the spatial  distribution  of water resources.  No less 
impressive are the solutions men have come with to obtain water resources at different quality 
standards as required.  Among the different solutions mankind has developed to overcome 
the seasonal distribution of the water resources is the subsurface storage in aquifers. This is 
known  as  managed  aquifer recharge (MAR)  and it comprises a set  of  strategies  and 
techniques to store and treat water in the aquifers in a studied and controlled way. 
Groundwater storage is perceived as a new way to overcome the seasonal distribution in arid 
regions (Stefan and Ansems, 2017).  This perception has two common faults: groundwater 
storage is not a new method and it is not exclusively for arid or semi-arid regions.  For the 
former, it has been reported that MAR techniques have been applied in the Chaco plains of 
South America since Pre-Colonial times (Godoy V et al., 1994; von Hoyer and Godoy V, 2000), 
but in recent years MAR has reappeared in an applied, controlled, and technical manner. For 
the latter, water scarcity issues are not only relevant in arid and semi-arid regions where MAR 
could be an applicable solution.  MAR can also be suitable for water problems in temperate 
and tropical regions of the world as wel. 
This work focuses on the evaluation of MAR as a suitable approach to overcome water scarcity 
in the tropical regions,  specificaly in  Costa  Rica.  Further on, this work wil emphasize the 
application  of  MAR techniques to increase  water  availability during dry  season for  drinking 
water  supply  systems (WSS).  For this,  a three-step  approach  has  been  selected.   First, 
suitable areas for MAR are going to be identified at a country scale. Second, the assessment 
of MAR project at a basin scale is going to be performed. And last, an experimental research 
is going to be carried out regarding the selected MAR technique to overcome the knowledge 
gap in this specific topic. 
1.1 Motivation 
MAR is perceived as a water management tool for arid and semi-arid regions, where water 
resources are scarce.  This is clearly reflected in the available literature titles: Strategies for 
Managed  Aquifer  Recharge (MAR) in  semi-arid  areas (Gale,  2005), Investigation  of  water 
spreading  effects  on  water table  of  aquifer in  arid  and  semi-arid regions (Salajegheh  and 
Keshtkar, 2005) among others (Abdala et al., 2010; Abdala and Al-Rawahi, 2013; Alazard et 
al., 2016; Boisson et al., 2015; Hashemi et al., 2015, 2013; Jaafar, 2014; Janardhana et al., 
2013; Lluria, 2009; Niazi et al., 2014; Xanke et al., 2017). However, water scarcity problems 
are not unique to arid or semi-arid regions.  Other regions of the world also deal with water 
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scarcity issues in their water resources management strategies. This study focuses on MAR 
techniques to overcome temporary water scarcity in the tropical country Costa Rica. 
Tropical regions are characterized as humid areas with high precipitation rate, with two distinct 
yearly seasons (rainy and dry season). The seasonal distribution of precipitation concentrates 
in the rainy  season,  on the  contrary, the dry  season is characterized by  a  considerable 
reduction in the precipitation. Besides the seasonal distribution, drought is another common 
and recurrent phenomenon in the tropics (Birkel, 2005) and its impact is driven by its intensity 
and duration, according to Lyon (2004). Water scarcity is not only related to drought but also 
to access to the available water (Valverde, 2013). Tropical torrential areas get a high amount 
of yearly precipitation (> 2000 mm/year), but it is mostly concentrated during a few months or 
even in episodic events.  The impact of the seasonal distribution of precipitation affects al 
tropical climate regions, which represent 19 % of the world’s land area (Peel et al., 2007). 
Costa  Rica is located in the tropical torrid region  of  Central  America.  The  country has  an 
average annual rainfal of 3300 mm/year (UNESCO, 2007). Historicaly, the country has relied 
on its superficial  water resources:  agriculture is  mainly rainfed (Mirales-Wilhelm,  2014); 
hydropower represents more than three quarters of the instaled power production and WSS 
depend  on  springs  and  superficial intakes.  In the last  years, the  country  has  experienced 
periods of shortage in its water resources at the end of the dry season – a situation that has 
been magnified by greater climate variability and population growth. 
This  situation  hits harder the agriculture  and water  supply sectors (Arias,  2015,  2014; 
Barquero, 2015). But the impacts of the drought on the country’s economy are not limited to 
these two sectors; it has also affected the tourism industry – both in the Pacific (Golden, 2015) 
and in the Caribbean (Bosque, 2016).  In 2014, the drought came to a head that the central 
government declared a State of Emergency for the Northern Pacific (Dyer, 2014). Folowing 
that year, the 2014-2015 drought was classified as the most intense drought since 1930 in 
Costa Rica (ACAN_EFE, 2015). At a regional level, the drought also affected other economies 
in Central America (ACAN-EFE, 2015; Morel, 2014). 
The drought is limited to the dry season (or an extension on its duration).  On those same 
years,  but during the rainy  season, intense  precipitation  was reported in the  same  areas 
affected by the drought (Solano, 2016); while flooding was reported in the Caribean coast 
(ACAN_EFE, 2015; Krumholtz, 2016).  In this context of seasonal and spatial distribution of 
rainfal, MAR is being considered as a complement to other water management tools. 
1.2 Objectives 
1.2.1 General Objective 
The general objective of this research is to evaluate the suitability of MAR under Costa Rica’s 
environmental  conditions to overcome short-term  droughts  due to the seasonal water 
distribution. 
Based on data already published, the folowing hypotheses were formulated: 
• MAR present a suitable alternative to overcome the water scarcity at the end of the 
dry season in Costa Rica; 
• Suitable areas for the application of different MAR techniques can be defined based 
on physiographical criteria of the natural environmental conditions present in the field; 
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• The feasibility of potential MAR projects can be evaluated on the first stage based on 
five critical elements prior to any further research; 
• The wel screen length has no significant effect on the injection rate. 
1.2.2 Specific Objectives 
To test the above hypotheses, the folowing specific objectives are proposed for this research 
work: 
• identify suitable areas for the application of MAR spreading methods in Costa Rica to 
prioritize the regions that should be studied further; 
• assess feasibility of a potential MAR project at a regional level to recognize the project 
strengths and weaknesses; 
• compare  different  wel  configurations (screen lengths) in the laboratory in  order to 
generate a design guideline. 
1.3 Costa Rica  
Costa Rica is a Republic in the Central America isthmus located in the northern hemisphere 
tropical zone, with a wide range of climates due to altitude diversity and location between the 
Caribbean Sea  and  Pacific  Ocean (Arias  Salguero et  al.,  2006). The  country’s climate is 
dominated by trade winds and its mountains systems (Solano Quintero and Vilalobos Flores, 
2001).   These contribute to mean annual rainfal of over 3,300 mm, from which two thirds 
become runoff (UNESCO, 2007). Yet this amount of water is not equaly distributed, neither 
seasonaly nor physicaly, especialy in the Pacific and Central regions where there is a marked 
difference between the wet and dry seasons, the latter with almost no rain in four months a 
year (Solano Quintero and Vilalobos Flores, 2001). 
A brief introduction into the country’s geology, climate, groundwater, and legal framework is 
given in the folowing sections.  These factors are  extremely relevant in  deciding the 
appropriate MAR technique. The geology (and hydrogeology) wil determine the presence of 
suitable  aquifer  materials, while the  climate characteristic wil  determine the  availability  of 
water resources.   The legal and  administrative  aspects related to  water resources are 
presented at the end of this subchapter. Al these topics are essential to any MAR project. 
1.3.1 Geological Framework 
Weyl (1980) distinguishes two geological regions in Central America: the Chortis Block to the 
north (from Guatemala to southern Nicaragua) and the Chorotega Block, to the south (Panama, 
Costa  Rica  and  parts  of  Nicaragua).   The  Chorotega  Block is  considered  younger than the 
Chortis block based on its constant geological activity, which is characterized by high slopes, 
active volcanoes, and an active fault system that triggers high seismic activity (ibid.). Most of 
the country’s geological processes have originated by the interaction of the Coco, Caribe, and 
Panama plates in the recent geological era (ca 150 Ma) (Denyer and Kussmaul, 2000).  The 
folowing description is a summary of the geological history of Costa Rica based on the works 
of Weyl (1980), Denyer and Kussmaul (2000), and Bundschuh and Alvarado (2007). 
The oldest geological formation identified in Costa Rica is sedimentary rocks form in the deep 
bottom sea on top of basaltic rocks form by submarine lava flows (Bundschuh and Alvarado, 
2007; Denyer and Kussmaul, 2000; Weyl, 1980). These are located to the northwest, mostly 
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in the Santa Elena and Nicoya Peninsulas (see Fig. 1.3-1). At the end of the Cretaceous Epoch 
(ca.  80  Ma), a  set  of  volcanic islands emerged  alowing the  existence  of shalow  marine 
environment in  which  sandstones  and  shales  were formed (Denyer  and  Kussmaul,  2000). 
These formations have only been identified in the Pacific Coast, which is closer to the Central 
America subduction trench; they are absent in the Caribbean. 
 
Fig. 1.3-1 Significant Geomorphic Features of Costa Rica [modified from Weyl, 1980] 
The erosion of the emerged volcano structures originated sedimentary basins to the Pacific 
and Caribbean. These formations are characterized by volcanic clasts in a fine grain materials 
matrix.  These sedimentary formations form terraces between the actual coastline and the 
mountain range. Towards the end of the Eocene Epoch (ca. 40 Ma), the volcanic islands were 
located close to their current position and they gave place to the creation of large coral reef 
(specificaly in the current Tempisque Valey), which resulted in the formation of calcareous 
formations. 
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After a regional orogenic lift that stopped the volcanic activity, another sedimentary basin was 
formed: the Candelaria basin, in what is today the Central Valey (see Fig. 1.3-1). During the 
Oligocene Epoch (34-24 Ma), the global drawdown in the ocean level separated the Pacific 
and Caribbean sedimentary basins.  Also, during this Epoch, the volcanic activity intensified 
again, originating mixed volcanic strata interbedded with the sedimentary rocks, particularly in 
the Caribbean lowlands and Central Valey. 
In the  Neogene Epoch, the  sedimentation  process  continued in  shalow  seas, littoral, and 
continental  environments.  The  volcanic  activity intensified  once  again, leaving tuff  and 
volcanic deposits al over the country.  The raise of the Talamanca Cordilera started in this 
epoch, leaving  aluvial  and  coluvial  deposits  both to the South  Pacific  and  Caribbean.   The 
actual volcanic structures (Guanacaste and Central Cordileras) form in the Quaternary Epoch, 
with lava flow filing the Central Valey and the mountain feet.  A graphic summary with the 
most significant geologic processes in Costa Rica is shown in Fig. 1.3-2. 
 
Fig. 1.3-2 Chronological Evolution of Costa Rica [based on Bundschuh and Alvarado, 2007; Denyer 
and Kussmaul, 2000; Weyl, 1980] 
In  conclusion, the  Costa  Rica  geological framework is  dominated  by  volcanic  processes 
triggered by the subduction of the Cocos Plate beneath the Caribbean Plate, the uplift caused 
by this and the subsequent sedimentation of the intrusive, volcanic, and raised structures. Al 
these processes gave place to an intricated system of sedimentary rocks interbedded with 
volcanic rocks (both tuff and lava flows). The relative high volcanic ranges divide the country 
into two  main  watersheds,  which  dominate the  main  climate features  of  country.   These 
ranges close to the coast also originate short, steep, and torrent rivers, specialy to the Pacific. 
1.3.2 Hydrogeological Framework 
Hydrogeology deals with the movement and distribution of water in the geological materials, 
i.e. aquifer materials.  An aquifer is defined as a system of permeable geological strata that 
contains and conducts water (Dilon et al., 2009). Kruseman and de Ridder (1990) include the 
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economic value in their aquifer definition. For them, an aquifer is a material permeable enough 
to  extract  economicaly justified  quantities  of  water through  wels,  while  an  aquitard is  a 
permeable material able to produce sufficient water over large areas and long periods, but not 
enough to justify the dril and implementation of wels (Kruseman and de Ridder, 1990). An 
impermeable material that does not transmit water at al is defined as an aquiclude (ibid.). 
Groundwater is one of the main sources of water supply in many parts of the world, especialy 
in regions where surface water is not available al year long or where its quality is at a level 
that treatment is  not  an  option (Jakeman et  al.,  2016).  It represents  30 %  of the total 
freshwater in the world, and up to 96 % of the available fresh water – not in polar ice (UNEP, 
2002). However, the increasing pressure on water resources had an impact on groundwater, 
in the form  of declining  quantities  and  qualities.   Llamas et  al. (2002) define intensively 
developed groundwater systems as the aquifer system that is withdrawn with a considerable 
part  of its interannualy renewable resources; this  withdrawal modifies its  hydrogeological 
behavior and has ecological, political, and socio-economic impacts.  
It is estimated that groundwater stands for 80-90 % of the water supply sources in Central 
America (Bundschuh and Alvarado, 2007). This high dependency on groundwater is due to its 
quality, easy access, low treatment costs, and relative constant discharge throughout the year 
(ibid.). According to Bundschuh and Alvarado (2007) and Losila et al. (2001), the main aquifer 
materials in Central America are located in fractured lava materials. Costa Rica is no exception, 
with the Central Cordilera having the more productive aquifers in the country. In Costa Rica, 
the  agriculture  and industrial  sectors  are the  main  users  of  groundwater (Valverde,  2013). 
60 % of the drinking water supply is obtained from aquifers (ibid.). With a complex geological 
framework (see  section 1.3.1), it is  hard to  describe  a  detailed  hydrogeology  pattern for  al 
rock types present in Costa Rica, yet some general lines can be drawn. 
Astorga  and  Arias (2003) identified that  76 %  of the  country has the  potential to  have  an 
unconfined aquifer in its top geological layer of their hydrogeological geoaptitude map.  It is 
important to point out that this map does not represent the actual aquifers that exist in Costa 
Rica. This map mostly represents areas where the aluvial deposits and fractured lava outcrop. 
Aluvial deposits are good aquifer materials.  Yet, their high saturated hydraulic conductivity 
(Ks) yields a low storage capacity when they are hydraulicaly connected to other water bodies 
at lower piezometric levels. Another good aquifer material is fractured lava, where its capacity 
to  conduct  water lays in the fracture  system (secondary  porosity).  Tuff  materials  may  be 
classified  as both  aquifers  or  aquitards,  depending  on their relative  production.   The tuff 
deposits in the Northern Pacific are the main aquifer material in this area (Losila et al., 2001), 
while in the  Central  Valey, they  are  classified  as the  aquitard  between the fractured lava 
formations (ibid.). 
Sandstone  materials  are relatively good  aquifer  materials,  while  shale formations  are  not. 
Other sedimentary formations like lahar depend on their matrix conformations.  Lahar with 
high  clay  content  may  not  be  adequate  aquifer  materials for  a  city,  but can  supply  enough 
water for  a  household  or  even  a  smal  community (Arias  Salguero et  al.,  2006).  The lahar 
formation may also be classified as aquitards according to Kruseman and de Ridder’s (1990) 
definition. According to this classification system, un-weathered and non-fractured intrusive 
rocks, as wel as basalt, are considered aquiclude materials. 
In  summary, good aquifer  materials  are  prone to  be located  either in  high  altitudes, in the 
fractured lava  close to the  extinct  and  active  volcano  structures  – Guanacaste  and  Central 
mountain ranges (see Fig. 1.3-1) - , or in lower elevations, like the aluvial deposits close to 
the coast both in the Pacific and the Caribbean, in the Northern and Caribbean lowlands, and 
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in the  Tempisque  and  General  aluvial  valeys.  The  sedimentary terraces  between these 
locations  may  not  present  good  aquifer  materials themselves,  but  might  be  underlaid  by 
aquifer  materials,  which  wil  make them  aquitards.  It is  not  expected to find  good  aquifer 
materials in the  un-weathered  and  non-fractured intrusive  materials  of  Talamanca, and in 
basalt in the Nicoya Peninsula. It is also important to keep in mind that the aquifer is not only 
defined by its capacity to hold and transfer water, but particularly by the presence of water 
itself. 
1.3.3 Climate and Hydrographical Framework 
The Intertropical Convergence Zone (ITCZ), trade winds, and mountain ranges are the main 
factors  dominating  Costa  Rica’s  climate.   The trade  winds transport the  humidity from the 
Caribbean Sea into the country, which is held by the high mountain range that crosses the 
country from Northwest to Southeast (Guanacaste, Central, and Talamanca Cordileras, see 
Fig.  1.3-1).   This  creates  an  almost  year-long rainy  season in the  Caribbean  watersheds 
(Northern and Tortuguero lowlands, as wel as Caribbean Coast). 
In the Pacific Coast, there is an inversion in the winds due to the ITCZ. This results in a clearly 
defined  dry  season  during the first  months  of the  year.   The ITCZ  also influences the rain 
distribution in the Pacific Coast, which is higher in intensity and longer in duration in the South 
and decreases to North.  The Central Valey is an intermediate zone between these climate 
regimes. Solano Quintero and Vilalobos Flores (2001) propose a regionalization of Costa Rica 
based  on the thermic  provinces, the precipitation  provinces, and the annual precipitation 
regimes.  They  divide the country into seven  climate regions.  The  main  characteristics  of 
these regions  are shown in Table 1.3-1 and their  geographical  distribution, as  wel  as the 
major watersheds into which the country is divided, are shown in Fig. 1.3-3. 
Table 1.3-1 Costa  Rica’s  Climate  Regions  and is Main Characteristics (Solano  Quintero  and 
Vilalobos Flores, 2001) 
Region Annual 
precipitation 
(mm) 
Mean  monthly 
temperature 
(°C) 
Number  of  days 
with precipitation 
< 1 mm 
Number  of  dry 
months 
North Pacific 1,800-2,640 25-30 192-268 3-5 
Central Pacific 3,120-3,930 22-28 202-225 2-3 
South Pacific 3,050-4,820 20-27 145-191 0-3 
South Mountainous 2,190-2,370 14-20 216-218 4 
Central Valey 1,950-2,820 15-22 218-239 0-5 
North 2,720-3,770 17-22 139-181 0-3 
Caribbean 2,300-4,860 19-26 117-199 0 
Regarding the hydrography, the country is divided into 34 major watersheds (see Fig. 1.3-3), 
according to the annual water balance performed by the International Hydrological Programme 
for Latin America and the Caribbean (IHP-LAC) (UNESCO, 2007). This division of the country 
into major watersheds is also used by the Hydrographic Watershed Atlas of Costa Rica by the 
Instituto Meteorológico Nacional de Costa Rica (IMN, National Meteorological Institute) (Rojas, 
2011a). A brief report describing the main socioeconomic, biophysical, and climate factors for 
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each watershed supplements this hydrographical atlas. These divisions do not correspond to 
hydrological watersheds – they also include minor basins close to the sea or country border. 
Watershed 18 is an example of the convergence of many smal basins. Watersheds 10, 15, 
17, 21, 25, 27, 30, 32, and 33 are also cases where the watershed includes smaler coastal 
basins.  
 
Fig. 1.3-3 Climate Regions and Major Watersheds of Costa Rica [modified from Solano Quintero 
and Vilalobos Flores, 2001 and UNESCO, 2007) 
Of the 34 watersheds, 18 discharge their waters into the Caribbean Sea and 16 into the Pacific 
Ocean. Watersheds 1 through 10 flow directly into the Caribbean Sea, watersheds 11 through 
17 flow into the Managua Lake or the San Juan River, which finaly drain into the Caribbean 
Sea.  Watershed  34 is  part  of the  Changuinola  River in  Panama,  which  also  drains into the 
Caribbean Sea. The first and last watersheds are al located in the Caribbean Climate Region 
(see Fig. 1.3-3). The watersheds that discharge their waters into the Nicaragua Lake and San 
Juan River, except for watershed 11, belong to the Northern Climate Region. 
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Al the other 16 watersheds discharge their waters into the Pacific Ocean.  Watersheds 18 
through 23  are located in the  Northern  Pacific  Climate  Region.  Watershed  24  drains the 
Central Valey; the main part of this watershed is found in the Central Valey Climate Region: 
the lower part includes portions of the Southern Mountainous and Northern Pacific Climate 
Regions. Watersheds 25 through 30 are al located in the Southern Mountainous and Central 
Pacific Climate Regions, with the former covering the lower part of the watersheds and the 
latter, the  upper  part.   Finaly,  watersheds  31 through 33  encompass almost the entire 
Southern Pacific Climate Region. 
1.3.4 Water Legal and Administrative Framework 
In Costa Rica, the State exercises complete and exclusive sovereignty to protect, conserve, 
and exploit al natural resources, both at sea and inland (ANC, 1949). Both the groundwaters 
and superficial waters are property of, and can only be exploited by, the State – Article 4 of 
the Mining Code (AL, 1982). The State can delegate, by way of concession, the exploitation 
of the natural resources to a specific individual or company (ibid.). The entity responsible for 
the concessions related to water resources, both groundwater and superficial, is the Dirección 
de  Aguas (DA,  Water Authority),  part  of the Ministerio  de  Ambiente  y  Energía (MINAE, 
Ministry of Environment and Energy). 
The ordinary, treated waste water can be disposed into a body of water if it complies with the 
minimal quality standards (PE, 2007). According to this regulation, recharge areas are included 
into the bodies  of water  definition.  The regulation only  specifies that the infiltration from 
waters used in the formulation, packing, and packaging of pesticides (Article 65 in PE, 2007) 
and  waste  water  contaminated  with radioactive  substances (Article 66 in PE,  2007) is 
prohibited.   To the  best  of the  author’s knowledge, there is  no legislation  or regulation 
regarding the  MAR in  Costa  Rica,  nor is there  one regulating the infiltration  of freshwater. 
There is currently no legal framework in Costa Rica that regulates which entity is authorized 
to recharge aquifers, how can this be done, the quality of the recharge water, and who wil 
own the rights to the recharge water. 
Based  on the  Costa  Rican law,  and in terms  of drinking  water  supply, the Instituto 
Costarricense de Acueductos y Alcantarilados (AyA, Costa Ricás Water Supply and Sewage 
Systems Institute) is the  entity responsible for  establishing  and enforcing policies  and 
standards, as wel as planning, financing, developing, and resolving al matters related to the 
supply of drinking water, the colection and disposal of sewage, liquid industrial waste, and 
urban waters (AL, 1961). Up until the inception of the AyA every municipality operated their 
own WSS. With the creation of the AyA, every municipality is mandated to pass their WSS 
to the newly-formed institute, if they no longer can provide an adequate service. Stil, some 
municipalities are in control of their WSS to this date. 
Besides these two operators (AyA and Municipalities), another two forms of operators exist 
in Costa Rica. One form of operator is the community that administrates its WSS. The other 
is by the association of municipalities, which form a semi-private company that manages the 
WSSs.  The first constitute an Asociación Administradora de los Sistemas de Acueductos y 
Alcantarilados Comunal (ASADA, Managing Association of the Communal Water Supply and 
Sewer  Systems) which  are delegated  systems  managed  by the  community of users that 
benefit from this  system.   The  state  ultimately  owns  al the infrastructure, the  ASADA’s 
manages such system. A fourth actor is the Empresa de Servicios Públicos de Heredia (ESPH, 
Heredia’s Public Services Company), a semi-private manager of the systems owned by the 
central municipalities of the Heredia Province. According to the AyÁs diagnostic of the WSS 
in the country, the AyA serves over half of the country population (52 %), while the ASADÁs 
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serve 27 % by  means  of delegated  WSS, the  municipalities 12  % and the rest  of the 
population is served by the ESPH (AyA, 2010a). 
Drinking water represents 22 % of the total water consumption in Costa Rica (PEN, 2015) and 
over 90% of the country’s population has access to potable water (AyA, 2016). Potable water 
is defined as water that meets the water quality standards required by law (ibid).  Drinking 
water is supplied by an aqueduct system (also known as drinking WSS), which is defined as 
a set of works and accessories designed to provide water suitable for human consumption to 
the inhabitants of a community (MIDEPLAN and AyA, 2002). In general terms, the WSS has 
three basic components: 1) source of water, 2) treatment process and 3) distribution network 
(ibid.) 
The water source could be either superficial or groundwater. For the first, an intake is needed 
to capture the surface water from rivers, lakes or seas.  For the second, depending on the 
nature of groundwater this could be obtain by pumping wels or from springs.  Independent 
of their  nature, al these  waters  need to  be treated.   The treatment  could  be  as  simple  as 
disinfection for high quality water to advance treatments to produce potable water from the 
sea or treated wastewater. Finaly, the treated water needs to be distributed by means of the 
pipe network to reach the final user. This is an oversimplification of a WSS, which could be 
more complex, as with storage tanks, pumping stations, and a combination of many sources. 
1.4 Managed Aquifer Recharge 
Groundwater  systems strongly depend  on recharge to  maintain their levels,  with the 
exception  of fossil  groundwater.  Recharge is  defined  as the  water  volume  entering  an 
underground reservoir for  a  period  of time;  due to the infiltration  of the precipitation, a 
watercourse  or  another  aquifer  or  aquitard (Custodio  and  Llamas,  1976).   Recharge to an 
aquifer  system  can  be  done  by  natural  process (water  cycle)  or  anthropogenic  activities. 
Recharge is one of the main components of the water cycle, it depends (among other things) 
on the geology, soils types, land use and climate characteristics of a specific area. According 
to  Dilon et  al. (2009) human  activities  can  enhance the  groundwater recharge.   This 
anthropogenic recharge is classified in three categories (ibid.): 
1. Unintentional 
2. Unmanaged 
3. Managed 
Unintentional recharge occurs as a secondary effect of anthropogenic activities as irrigation or 
leaks from  water  pipes  while  unmanaged recharge  usualy is the  effect  of unwantedly 
recharging water  without further reuse (Dilon et  al.,  2009).  The last  category is  known  as 
managed aquifer recharge (MAR) – also caled artificial recharge, enhanced recharge, water 
banking  and  sustainable  underground  storage.   MAR  describes intentional  banking  and 
treatment of water in aquifers (Dilon, 2005). These systems can be used for many purposes 
and with many sources of water (e.g. storm water, waste water, etc.) (Bouwer, 2002). 
Besides quantity (water supply) and quality (treatment of water in the aquifer), MAR schemes 
are applied  with  different  objectives  and can  provide  additional economic, social, and 
environmental benefits. The objectives of a MAR project could be as diverse as: recover water 
levels in intensive developed groundwater systems, mitigation of flood events, reduction of 
runoff and erosion, coastal water quality improvement, control subsidence, augment low river 
flows, ect (Dilon, 2005; Dilon et al., 2009; Gale, 2005; Jakeman et al., 2016). 
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1.4.1 MAR as a Tool for Water Supply Management  
Folowing  Tuinhof  and  Heederik (2003) water supply management focuses on  matching 
supply of available resources with fluctuating demands in place and time of distinct water-
users groups. The way to overcome the temporal difference between supply and demand is 
storage. The storage volume is determined by its temporal regulation: it can be as smal as a 
bottle for daily consumption to a large dam for annual regulation (ibid.). 
Historicaly,  annual  storage for the  WSS is  achieved  by  superficial  storage.   These  are 
constructed reservoirs that  consist  of  a  dam that intercepts the  water  course  creating  an 
impoundment in the area behind it.  Superficial storage requires treatment plants and large 
distribution  systems  and is also prone to significant  evaporation losses (Dilon,  2005). 
Additional limitations on superficial storage are dam safety issues, increased sedimentation 
and environmental and social impacts (Tuinhof and Heederik, 2003). 
Keler et al. (2000) defined four major ways of water storing: in the soil profile, in underground 
aquifers  and smal  and large reservoirs.  Larger  volumes  can  be  stored in the last three 
reservoirs. The regulation capacity of the larger reservoir is in a monthly scale while for the 
soil profile it is relatively shorter (daily scale) (ibid.).  A comprehensive description of these 
three  storage  options is  given by  Keler et  al. (2000).   A comparison  between them is 
presented in Table 1.4-1. 
Table 1.4-1 Comparison Between Groundwater, Smal and Large Surface Storage Systems (Keler 
et al., 2000) 
 Groundwater storage Smal  surface  water 
reservoirs 
Large dam reservoirs 
A
d
v
a
nt
a
g
e
s
 Little evaporation loss 
Ubiquitous distribution 
Operational efficiency 
Available on demand 
Water quality 
Ease of operation 
Responsive to rainfal 
Multiple use 
Groundwater recharge  
Large, reliable yield 
Carryover capacity 
Low cost per m3 water 
stored 
Multipurpose 
Li
mi
t
at
i
o
n
s
 
Slow recharge rate 
Groundwater contamination 
Cost of extraction 
Recoverable fraction 
High evaporation loss 
fraction 
Relatively high unit cost 
Absence of over-year storage 
Complexity of operations 
Siting 
High initial investment cost 
Time needed to plan and 
construct 
K
e
y 
i
s
s
u
e
s
 
Declining water levels 
Rising water levels 
Management of access and 
use 
Groundwater salinization 
Groundwater polution 
Sedimentation 
Adequate design 
Dam safety 
Environmental impacts 
Social and environmental 
impacts 
Sedimentation 
Dam safety 
Groundwater storage (or MAR) offers certain advantages, most significantly: low evaporation 
losses and low land requirements in comparison with superficial storage.  MAR techniques 
can also be applied as a distribution system, using the aquifer transition as a mean to reach 
the end user (Jakeman et al., 2016; Pyne, 2005). MAR does not only depend on the capacity 
to store the water resources, but also on the capacity to recover the stored water. 
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1.4.2 MAR Classification Schemes 
There are different MAR classification schemes.  One of the first classification systems for 
MAR techniques was proposed by Bouwer (2002) where three categories are defined: Surface 
Infiltration, Vadose-Zone Infiltration and Wels. The factor used in the Bouwer classification is 
defined by how the recharge gets into the aquifer: horizontal infiltration (surface infiltration), 
vertical infiltration (vadose-zone infiltration) and direct injection (wels).  In this classification, 
surface infiltration is further divided in in-channel and off-channel systems; while vadose-zone 
infiltration is divided into trenches and vadose-zone wels.  
A  classification based  on the  scale  and  purpose  of the MAR is  proposed  by Tuinhof  and 
Heederik (2003) (see Table 1.4-2). It includes induced bank infiltration as a MAR technique in 
addition to the categories depicted in the Bouwer classification. In another classification Gale 
(2005) grouped the MAR techniques in five broad categories: spreading methods, in-channel 
modifications,  wel,  shaft  and  borehole recharge, induced  bank infiltration  and rainwater 
harvesting. The classification proposed by Gale (2005) is the base of the classification method 
used by International Groundwater Resource Assessment Centre (IGRAC). 
Table 1.4-2 Proposed Classification of MAR Systems (Tuinhof and Heederik, 2003) 
Country Location 
Vilage-level gravity injection Dug wels, recharge  shafts,  vilage tanks 
trenches, gravity injection wels 
In-Channel structures Gabions, percolation tanks, subsurface dams, 
sand dams, recharge dams 
Off- channel infiltration ponds  Large basins sometimes supplemented with 
injection devices 
Pressure injection Injection wels and injection-recovery wels 
Induced bank infiltration Sometimes  supplemented  with injection 
devices impacts 
The Gale-IGRAC classification systems was used in the compilation of MAR cases in Europe 
(DEMEAU, 2015). This classification system was also used for the Global inventory of MAR 
schemes done  by the  Junior  Research  Group INOWAS (Stefan  and  Ansems,  2017).   The 
Global inventory of MAR schemes was integrated in IGRAC’s MAR portal where additionaly, 
site  selection  maps  of  different  parts  of the  world  are  available (see http:/marportal.un-
igrac.org).  The Gale-IGRAC classification scheme was also used in the compilation of MAR 
schemes for Latin America (Bonila Valverde et al., 2018; Escolero Fuentes et al., 2017). For 
its widely use, this classification is used throughout the text. A modified version by Salwey 
(2017) of the Gale-IGRAC classification is presented in Error! Reference source not found.. 
Recently, some other classification schemes have arisen, like the four group classification by 
Sprenger et al. (2017).   This  classification  scheme is  similar to the  one  presented in Error! 
Reference source not found., with the exclusion of runoff harvesting as a MAR technique and 
regrouping of the spreading methods and in-channel modifications into enhanced infiltration 
and leaving only subsurface dams into the enhanced storage group.  Jakeman et al. (2016) 
proposed a three group classification by method: infiltration, injection and filtration. 
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Table 1.4-3 MAR Classification System (modified from Gale, 2005 and IGRAC, 2015) 
 Main MAR technique Specific MAR technique 
T
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Spreading methods 
infiltration ponds & basins 
flooding  
ditch, furrow, drains  
irrigation 
Induced bank infiltration 
river/lake bank filtration 
dune filtration 
Wel, shaft, and borehole 
recharge 
Aquifer storage and recovery (ASR) / Aquifer 
storage, transfer, and recovery (ASTR) 
shalow wel/ shaft/ pit infiltration  
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In-channel modifications 
recharge dams  
subsurface dams  
sand dams  
channel spreading  
Runoff harvesting 
rooftop rainwater harvesting 
barriers and bunds  
trenches  
1.4.3 MAR Guidelines 
MAR has a direct interaction with groundwater systems, thus, an exhaustive hydrogeological 
knowledge of the groundwater systems is a basic step of every planning scheme for MAR. 
Pyne (2005) recommends a three phase methodology for planning and implementing an ASR 
project. Phase one comprises a preliminary feasibility assessment and conceptual design of 
the ASR project.  The next phase deals with the field investigations and tests and the final 
phase with a ful-scale ASR project. Pyne’s three-phases method is exhaustive and detailed, 
with information on the regulation volumes and detailed hydrogeological studies needed. For 
more details on this method, the reader is referred to the work by Pyne (2005). 
Other  methodologies that  guide the  planning  of  a  MAR  project  are found in the  national 
guidelines of Australia, Chile, Colombia, India, and México.  The Mexican norms are one of 
the first of this kind in the world (Palma Nava et al., 2014). They consist of two norms, one 
regarding treated waste water as the source of recharge (SEMARNAT, 2009a) and the other 
dealing with the characteristics and specifications on the works needed (SEMARNAT, 2009b). 
The second refers to the  characterization  of the recharged  water  and operation  and 
maintenance  practices.   The first is  more  exhaustive  and includes information  on the 
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hydrogeologic  characterization,  monitoring and inspection  of the  works by the  Mexican 
government. 
The Indian government issued a “Manual on artificial recharge of ground water” (Government 
of India, 2007). The manual has an introduction to the current state of water resources in India 
and in the world and a detailed description of the concept, needs, purposes and advantages 
of MAR as wel as the sources of recharge and how to characterize them. Furthermore, the 
manual also has chapters on planning, design, impact, and economics of the MAR techniques 
with a special chapter on rooftop rainwater harvesting (specific MAR techniques, see Error! 
Reference source not found.). 
For the proper planning of a MAR project, the Indian guideline proposes a four steps approach: 
1) establish ground facts, 2) appraisal of economic viability, 3) finalization of physical plan, and 
4) preparation of a plan document (covering al the aspects mentioned above). The first step 
is based on scientific data, which includes: the need for MAR, the estimation of subsurface 
storage capacity, the quantification of water required for recharge, the prioritization of areas 
for recharge, source water availability, assessment, and quality and suitability of the area for 
recharge (in terms of climate, topography, soil and land use characteristics, and hydrogeologic 
setup) (Government of India, 2007). 
The  Colombian  guideline is  not  specific for  MAR,  but as  a  general  guideline for the 
environmental  management  of  aquifers.  It recognizes  MAR  as  a  specific  project for the 
management of aquifers and gives a couple of examples in Colombia. It only emphasizes that 
the  MAR  project  must  comply  with the  quality  criteria in  order  not to affect the  actual 
groundwaters.  The Chilean government has issued a methodology to present and analyze 
MAR, with sections on the technical and legal analysis of the MAR project, the legal process 
to present a MAR project to the authorities and how to evaluate and analyze the presented 
projects (MOP, 2014). The methodology to assess the feasibility of a MAR project is based 
on Dilon (2009), which is based on the Australian guideline. A brief description of the last is 
given in the folowing section. 
Australian Guidelines 
The  main  objective  of this  guideline is to  provide  scientific  background for implementing  a 
MAR project in a safe and sustainable manner (NRMMC-EPHC-AHMC, 2009). The document 
has a strong focus on MAR risk assessment. The guidelines introduce the stages to develop 
and  assess a  MAR  project, the  hazard identification, folowed  by the operational  and 
monitoring issues.  These four  stages for  MAR  assessment are:  1)  desktop  study,  2) 
investigation and assessment, 3) construction and commissioning and 4) operation. 
In  general terms,  a MAR  project generaly goes  under the folowing  steps in its 
implementation:  concept  design, investigations,  approval,  construction, trials  and 
implementation (NRMMC-EPHC-AHMC, 2009). Before the implementation, development and 
assessment of a MAR project, the feasibility of it should be checked. The feasibility of a MAR 
project can be assessed using relevant available data and information (NRMMC-EPHC-AHMC, 
2009). The Australian guideline provides a checklist with the five critical elements of a MAR 
project that need to be verified before proceeding further (see Fig. 1.4-1).  This checklist is 
part of the first stage of the development and assessment of a project (Dilon, 2009; Dilon et 
al.,  2009).   These  critical  elements  comprise the fundamental information required for 
implementation of a MAR project (ibid.). 
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Fig. 1.4!1 Modified Feasibility Assessment Scheme for MAR Projects [modified from NRMMC!
EPHC!AHMC, 2009] 
The first critical element refers to demand. Demand is the leading element and main driver in 
any MAR project (Dilon et al., 2009; Government of India, 2007; NRMMC!EPHC!AHMC, 2009; 
Pyne, 2005). There is a need for an adequate source of water (2), both in quantity and quality 
and a suitable aquifer to be recharged (3).  The fourth critical element refers to the need of 
space to detain and treat the water previous to the recharge and the fifth critical element to 
the management capability to design, construct and operate a MAR project 
Once the five critical elements have been verified and the project is potentialy feasible, the 
assessment can continue with the second stage: investigations.  The investigations on the 
second stage should focus on the source of water for recharge, pretreatment methods and 
the aquifer hydrogeological characterization.  According to Pyne (2005), the hydrogeologic 
characterization is the most time!consuming element of the feasibility assessment (phase one 
in his methodology).  Carefuly done, this wil lead to the adequate selection of the storage 
zones and recharge sources (ibid.). Knowledge about the water quality of the recharge source 
and receiver generaly require more investigation, that is why this is left for the second stage 
(Dilon, 2009). 
The Australian guidelines are taken up by the Australian waterlines No13 (Dilon et al., 2009) 
with the objective to include MAR in the portfolio of alternative methods to supply drinking 
water in Australia. The report includes a description of the drivers for MAR, information about 
the economics and regulative considerations. From the different guidelines for MAR available, 
the Australian (NRMMC!EPHC!AHMC, 2009) is selected as the method to assess the 
feasibility of a MAR project in Costa Rica. This guideline was chosen for its simple and direct 
approach and detailed description of the components in the assessment of the feasibility of a 
MAR project. 
 
Suficient water demand
Adequate sourceof water
Suitable aquiferfor storage
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2. Identification of Suitable Areas for MAR in Costa Rica 
Spatial analysis is fast becoming a key instrument in integrated water resources management. 
With increasing capacity to analyze large and complex spatial information, spatial analysis tools 
are fundamental to aid scientific-based decision making. Regarding MAR, spatial analysis has 
emerged  as  a  powerful tool to identify  areas that  presents the  best  characteristics for 
stablishing a successful MAR project.  To evaluate the suitability of MAR techniques under 
Costa  Rica’s  environmental  conditions, this  chapter  aims to identify  suitable areas for the 
application of spreading methods by means of a geographic information system – multicriteria 
decision analysis (GIS-MCDA). 
The main findings of this chapter have been published in the Water Journal under the title 
“Application of a GIS Multi-Criteria Decision Analysis for the Identification of Intrinsic Suitable 
Sites in Costa Rica for the Application of Managed Aquifer Recharge (MAR) through Spreading 
Methods” (Bonila et  al.,  2016).  Additionaly,  one  master thesis (Zapata,  2015) and three 
master’s  study  projects (Al  Marzuqi et  al.,  2017;  Blank et  al.,  2015;  Vásquez  López  and 
Kamamia, 2016) were conducted as part of this chapter (section 2.2). 
In the first section of this chapter the hypothesis is raised, and the main GIS-MCDA vocabulary 
is given (2.1.2).  The main findings of the review of GIS-MCDA for MAR are provided in the 
second section and the chapter ends with the main results from the GIS-MCDA for spreading 
methods carried out in Costa Rica (2.3), the practical applications (2.4), and a summary with 
the main findings of the entire chapter (2.5). 
2.1 General Background 
The selection of an appropriate MAR site is a critical step in the design stage of a MAR project, 
which also influences the operation and maintenance of the MAR schemes (Mahdavi et al., 
2013; Rahman et al., 2012; Russo et al., 2015; Shankar and Mohan, 2005). Site suitability is 
part of the Indian guidelines for MAR, as the final step in the first phase – establishing ground 
facts (Government of India, 2007). The suitability of an area for recharge is based on climate, 
topography, soil and land-use, but primarily on the hydrogeologic conditions. Al of them are 
important factors controling the recharge process. 
The climate conditions determine the spatial and seasonal availability of water, which is not 
only an important factor when considering excess of runoff as the recharge source, but, is 
also an important factor to consider when the water wil be recovered. The Indian guideline 
divides the  country regarding the annual  precipitation in:  very  high  precipitation 
(> 2000 mm/year),  high  precipitation (1000-2000 mm/year),  moderate (750-1000 mm/year), 
semi-arid (400-700 mm/year)  and  arid (< 400 mm/year).  In  areas  with  very  high  and  high 
precipitation the rejected recharge phenomenon may occur (Government of India, 2007). This 
phenomenon occurs when the water table is close to the surface and no additional water can 
be taken  by the  soil (Theis,  1940 in Kasenow,  2001) On the  contrary, in areas  where the 
precipitation is  moderate  or less, there  could  be  no  surplus  beyond the rainy  season for 
recharge (ibid.). 
The topography controls the runoff and retention.  Very steep gradients (> 10 %) may have 
little  possibility for recharge,  while  moderate  slopes (10-1 %)  are  suitable to recharge the 
aquifer – especialy through spreading methods and in-channel modifications (Government of 
India, 2007). Soil and land use conditions are predominant factors for the spreading methods. 
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The infiltration capacity of a soil is determined by its depth, texture, mineral composition, and 
organic  content  – coarse  soils have  higher infiltration rates than finer-clayey soils (ibid.). 
Vegetation or the absence of this (land use) also controls the infiltration capacity of the land; 
grass land and forests are preferred to barren land (ibid.). 
One of the most important factors in planning MAR are the hydrogeological conditions, which 
govern the  occurrence  of  potential  aquifer  systems to  be recharged.   The  best  aquifer 
materials for MAR wil be those that absorb large quantities of water resources and release 
them when needed (Government of India, 2007). Weathered materials are preferred to parent 
rock.  Semi-consolidated and unconsolidated materials are also good aquifer materials.  The 
Indian guideline further classifies the geological strata in consolidated, semi consolidated and 
unconsolidated formations (ibid.). 
Furthermore, the  hydrogeological setup wil  determine the  MAR technique to  be  applied. 
Spreading methods and in-channel modifications are suitable in the presence of unconfined 
aquifers, while confined aquifers wil require injection techniques to reach the desired aquifer. 
Injection techniques can also be applied in unconfined aquifers. Pyne (2005) states that ASR 
is  a  suitable technique for  confined,  semi-confined  and  unconfined  aquifers – with partialy 
dewatered semi confined aquifers being the predominant setup in actual ASR projects. 
The identification  of  suitable  sites for  MAR  can  be achieved by  means  of a GIS-MCDA 
approach, which is the combination of two different sciences: spatial analysis and decision 
support (Barczewski, 1999). There are additional approaches to identify suitable locations for 
any  given  activity,  such  as  statistical  methods (frequency ratio, logistic regression, 
classification trees  and  others) (Guru et  al.,  2016) and field investigations (Alesheikh et  al., 
2008; Russo et al., 2015). 
2.1.1 Hypothesis 
The main hypothesis of this chapter is that it is possible to construct a suitability map for one 
main  MAR technique  applying the GIS-MCDA methodology with the  available  spatial 
information in Costa Rica. This map wil serve as a first indicator to identify regions or areas 
with the most  suitable physiographic  conditions for  a  MAR  project  based  on four  criteria: 
hydrogeological aptitude, terrain slope, soil texture and drainage network density. 
In this work the term “site selection” should be understood as an identification of potentialy 
suitable areas.  Due to the scale of the available information utilized (1:500 000), the results 
are general and do not focus on choosing a specific location – which requires a more detailed 
analysis.  The actual selection of a suitable site for a MAR project should also include social 
and economic criteria, as wel as on site investigations. 
2.1.2 Terms and Definitions 
Because of the diverse use of GIS-MCDA, different terms are found in literature that refer to 
the same concepts. In some cases, the terms are exchanged indifferently between concepts 
within  decision  analysis literature (Malczewski,  2006).  In this  work, the  decision  analysis 
terms based on Eastman et al. (1995) are used. 
MCDA is  defined  as  a set  of tools to  design,  evaluate  and  prioritize the  choice  between 
alternatives (Eastman et  al.,  1995;  Malczewski,  2006).   Socio-political,  environmental  and 
economic factors have an impact on the site search/selection (SSS) of suitable sites for any 
particular activity (Huang et al., 2011). SSS is one of the eight decision/evaluation problems 
tackled by GIS-MCDA recognized by Malczewski (2006). It aims to identify the best location 
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for a given activity. This is done by ranking the basic analysis units that compose the study 
area (Malczewski and Rinner, 2015). MCDA provides a systematic method for the integration 
of inputs in order to compare and select courses of action (Huang et al., 2011). 
The responsible entity for making a decision in MCDA is known as a decision-maker, which 
is formed by  one  or  more individuals that  share the  same  goal in respect to the  decision 
(Malczewski and Rinner, 2015).  GIS-MCDA comprises the evaluation of spatial alternatives 
based on the decision-maker’s goals and preferences (Malczewski and Rinner, 2015).  The 
basic components of  a GIS-MCDA are: criterion  value  scaling,  criteria  set  weights  and the 
decision rule (Malczewski and Rinner, 2015). 
The criterion is the basic element in GIS-MCDA, it can be measured and evaluated (Eastman 
et al., 1995). The term criterion comprises the objective and attribute concepts (Malczewski, 
1999). The objective concept refers to the perspective or desired state of an attribute by the 
decision-maker (Eastman et  al.,  1995) and the  attribute  concept refers to the  measurable 
properties of a geographic entity (Malczewski and Rinner, 2015).  According to Malczewski 
and  Rinner (2015) a  criterion  should  be  comprehensive (unambiguous  and  understandable) 
and measurable (a number or the preference can be assigned). 
The criteria  set, on the  other  hand, should  be  complete,  operational,  decomposable,  non-
redundant, and  minimal (Malczewski,  1999).  According to  Malczewski (1999), a  complete 
criteria set covers al aspects of the decision, yet, it is minimal enough to keep the criteria set 
as  smal  as  possible.   An  operational  criteria  set is  meaningful  and  understandable. 
Decomposable implies that the decision can disaggregate into parts. A non-redundant criteria 
set is  used to  avoid  double  counting.  The  criteria  set is  also referred to in the  GIS-MCDA 
literature as variables, attributes, parameters, or thematic layers. 
The criterion values need to be standardized in a range from 0 (least desirable attribute) to 1 
(most desirable attribute) (Malczewski and Rinner, 2015). Value scaling refers to the process 
of transforming the evaluation criteria to comparable units (ibid.). Original criteria values can 
be in the form of continuous data, that can have any value within a range (e.g. elevation, slope, 
infiltration); or discrete data, that can only have certain values, i.e. can be discretized in classes 
(e.g. land  use, lithology).  The  values  can  be  standardized  by  means  of value functions for 
continuous criteria and by classification schemes or step-wise functions for discrete criteria. 
A common practice in GIS-MCDA for MAR is to discretize continuous criteria.  A discussion 
on the assignment of the value within the criterion is given by Malekmohammadi et al. (2012). 
The authors discuss the associate error of classifying originaly continuous criteria in discrete 
classes, rather than using the original range of values with value functions. For reducing this 
error, the fuzzy logic is proposed (Malekmohammadi et al., 2012). 
The relative importance among criteria is given by the criteria set weights (Eastman et al., 
1995). More significant criteria are given higher weights than the less important ones. The 
weights assignment has  been identified  as  one  of the  critical  elements  of GIS-MCDA 
(Malczewski, 2000). Weights should always be normalized, i.e. the sum of the weights of a 
criteria set must equal one.  The rating method, the rank method, the multi-influence factor 
(MIF) and the pairwise comparison are some examples for assigning and distributing weights 
among the criteria set. In the folowing paragraph a short description is given for these four 
methods, a more detailed description is given in Malczewski and Rinner (2015) (for the rating, 
rank and the pairwise comparison methods) and in Magesh et al. (2012) (for the MIF). 
For the rating method, weights are estimated by the decision-maker on a predetermined scale 
(the higher score is given to the most important criterion) (Malczewski and Rinner, 2015). For 
 
Identification of Suitable Areas for MAR in Costa Rica 
 - 19 - 
 
the ranking method, criteria are firstly ordered by the decision-maker and, once ranked, the 
weights are calculated based on the ranks (Malczewski and Rinner, 2015). In the MIF method, 
the relationship between the criteria are represented graphicaly.  Based on these graphical 
relationships, the  weights  are  calculated from the number and importance of links  each 
criterion  has.  The  pairwise  comparison computes the  weights  based in a  pairwise  matrix, 
where the relative importance of criteria is evaluated two at a time. The relative importance 
for each pair of criteria is set on a defined scale (from 1 to 9) (Saaty, 1980 in Malczewski and 
Rinner,  2015).  This last method  offers a  systematic  verification  of the  consistency  of the 
judgment in the assigned weights by means of the consistency ratio (Singh et al., 2013). The 
consistency ratio is  a  measure  of the transitivity in the  defined relations  between  criteria, 
based on the consistency of randomly generated pairwise comparison matrix and the number 
of  criteria (Saaty,  1980 in  Malczewski  and  Rinner,  2015).  A  consistency ratio  under  0.1 
indicates a reasonable level of consistency in the defined pairwise comparisons (ibid.) 
Finaly, the decision rule defines how the  criteria  values  and  weights  are integrated 
(Malczewski and Rinner, 2015). The decision rule can be based on threshold values (Boolean 
logic) or more elaborated integration rules, such as the weighted linear combination (WLC) or 
its variations: the ordered weighted averaging (OWA) and the analytical hierarchical process 
(AHP) (Eastman et al., 1995). The result of the WLC is the rank of the alternatives based on 
the criterion values and criteria set weight. Ghayoumian et al. (2007) stated that, even if the 
Boolean approach is simpler than suitability mapping (WLC, OWA, or AHP, among others), it 
loses the possibility to distinguish within the criterion values and the criteria set weights – as 
al criteria are assigned the same weight. With Boolean logic as a decision rule, the results are 
absolute, an area is either suitable or not (Ghayoumian et al., 2007). 
2.2 Review of GIS-MCDA for MAR 
The present literature review focuses on GIS-MCDA for MAR.  However, there is extensive 
literature about potential recharge (PR) – also referred to as potential recharge zoning (PRZ) or 
prospect potential recharge (PPR). Even if the approach for both MAR and PR studies might 
be similar (criteria set, values, and weights, as wel as decision rules applied), the problem 
definition is different.  The infiltration capacity or suitability of an area does not only drive MAR, 
but also includes social and economic criteria, as wel as different recharge sources as for PR. 
The review is based on 25 papers published in scientific journals up to 2015. It was additionaly 
narrowed to cases that include the GIS analysis. Studies concentrating only in the definition 
of optimal conditions for MAR, but without a direct application of a GIS-MCDA (Grischek et 
al., 2003; Kalantari et al., 2009), were excluded from the literature review, but kept for specific 
references when needed. 
2.2.1 Decision Rules Applied 
The total cumulative number of reviewed case studies of GIS-MCDA for MAR is given in Fig. 
2.2-1; and a disaggregation based on the main decision rule is also shown. The decision rule 
can either be absolute (Boolean logic) or ranked (WLC, OWA, AHP or other) – which in some 
cases can also include the Boolean logic as a constraint step. The third category includes the 
cases where both decision rules were applied and compared. Fig. 2.2-1 shows that applying 
absolute decision rules is being abandoned and the adaptation of more elaborated decision 
rules is  starting to  be  widely  used.   This  can  be  attributed to increasing computational 
capacities. 
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Fig. 2.2-1 Number of Published GIS-MCDA Papers for MAR Between 1998-2015 According to the 
Decision Used Rule. 
2.2.2 Criteria Sets Used 
Since the decision problem defines the criteria set, there are neither standard criteria sets, nor 
weights in GIS-MCDA for MAR (Russo et al., 2015). According to Rahman (2012) the criteria 
set is determined by the problem definition and from data availability. GIS-MCDA applied for 
different MAR techniques, different sources of recharge water and with different objectives 
wil have diverse criteria sets. For example, the criteria set for spreading methods may differ 
from those for direct injection or rainfal/runoff harvesting. The source of recharge water may 
not only depend on physiographic criteria, but also on economic or social ones. 
The  second  determining factor for the  criteria  set is  data  availability,  which is  often  not 
mentioned in the GIS-MCDA literature.  Data availability is discussed by Russo et al. (2015) as 
one of the reasons for different value scaling and weight assignment in GIS-MCDA for MAR. 
A similar discussion is given by Rahman et al. (2012). Malczewski (2000) recognizes it as one 
of the common chalenges in GIS-MCDA. The importance of certain criteria can be recognized, 
but if the quality of the available information is poor or the data is not available in a digital form 
it wil be excluded from decision-making process. In the reviewed GIS-MCDA for MAR papers, 
only a few authors (Malekmohammadi et al., 2012; Singh et al., 2013) stated that the study 
was based on available information. 
Criteria Clusters 
Used  criteria for  MAR in  GIS-MCDA  have been  classified into:  surface, subsurface, 
groundwater  quality  and  environmental  criteria (Rahman et  al.,  2012).   According to the 
literature review  by  Rahman et  al. (2012) surface  criteria include  geology,  geomorphology, 
lineaments,  slope, infiltration rate,  soil texture  and land  use.   The infiltration rate is  also 
included within the subsurface criteria. Other identified subsurface criteria are transmissivity, 
borehole recharge  capacity,  borehole  abstraction  capacity,  and recharge retention time. 
Groundwater quality criteria are less frequently used than environmental criteria (ecological 
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status, road density, electricity power lines, proximity to a water source, groundwater polution 
and others) (Rahman et al., 2012). 
To ease the analysis of the criteria sets they have been grouped or clustered in classes and 
subclasses.  Based on the literature review, criteria were clustered in three hierarchy levels 
(see Table 2.2-1).   The first cluster level is composed by  physiographic,  climate and 
anthropogenic  criteria.  Physiographic  criteria correspond to  al processes,  patterns, 
characteristics, and features  of the lithosphere. Al  criteria  describing  or  characterizing 
atmospheric  processes  are  clustered under the climate group.   The  anthropogenic  group 
comprises criteria that are transformed, modified, and defined by human activities. 
Table 2.2-1 Clustering  of the MCDA-GIS for  MAR Criteria  and Number  of Criteria  at Level  3 
Cluster 
Level 1 Level 2 Level 3 Code 
Number of criteria 
used in literature 
P
h
y
si
o
gr
a
p
hi
c
 
Aquifer 
Storage capacity A1 9 
Storage/flow A2 17 
Flow capacity A3 4 
Surface 
Geological S1 28 
Hydrography S2 18 
Landform S3 18 
Soils S4 31 
Land use S5 21 
Water Quality 
General water quality W1 1 
Groundwater W2 6 
Superficial water W3 1 
Climate Climate 
Precipitation C1 3 
Runoff C2 1 
A
nt
hr
o
p
o
g
e
ni
c
 Environmental Environmental E1 14 
Management 
Economic M1 7 
Operational M2 9 
Impact assessment M3  
Social Social Z1 2 
Some criteria clusters are strongly related with other groups, especialy in the third level, e.g. 
runoff is  not  only  dependent  on  atmospheric  processes,  but  also  on  physiographic 
characteristics.   Another  example is land  use, which  could  also  have  been  grouped  under 
anthropogenic  criteria,  as  human  activities  define  and  modified it.  In  both  cases, it was 
considered the  use  of the  criteria in the  specific  paper that related it more to the  chosen 
category. 
Criteria According to MAR Techniques 
Regarding the  MAR techniques,  spreading methods are the  most frequently  discussed 
scheme in the GIS-MCDA literature.  In-channel modifications stand for more than 12 % of 
the cases and wel, shaft and borehole recharge for 10 %. From the 10 % it is important to 
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clarify that only one paper was specific for wel, shaft and borehole recharge (Brown et al., 
2005). A second one included both spreading methods and wel, shaft and borehole recharge 
(Rahman et  al.,  2014) and  a third  one encompasses  al the  MAR techniques (Fernández 
Escalante et al., 2014). Regarding induced bank filtration, only one doctoral thesis (Jaramilo 
Uribe, 2015) was found on SSS. The selection is based on geomorphologic characteristics of 
rivers: width, reach slope, curvature radius and stream power. Due to the specificity of this 
last MAR technique, restricted to river and lake banks, it was excluded from this analysis. No 
document was found regarding runoff harvesting for MAR. 
Even though the MAR type defines the criteria set, almost one quarter (23 %) of the reviewed 
papers  did  not  specify the  MAR technique – they  only refer to MAR.   However, it  can  be 
inferred that many of these cases refer to surface infiltration. In the cases where there was 
no direct mention of the MAR technique in the paper, they were classified as “unspecified”. 
15 papers were specific to only one kind of MAR technique without taking into consideration 
the unspecified cases. Five papers considered two MAR techniques, four were done both for 
spreading methods and in-channel modifications (Chowdary et al.,  2009;  Chowdhury et al., 
2010;  Krishnamurthy et  al.,  2000;  Shankar  and  Mohan,  2005), and  one  dealt  with  both 
spreading methods and wel, shaft, and borehole recharge (Rahman et al., 2014). 
Based on the literature review the number of criteria grouped in the cluster level 3 per MAR 
technique is shown in Fig. 2.2-2. Physiographic criteria are the most frequently used in GIS-
MCDA for MAR, comprising more than 81 % of al the criteria, folowed by anthropogenic 
criteria representing 17 % and finaly climate criteria (2 %). Within the physiographic criteria, 
the surface group stands for more than 60 % of al groups in cluster level 2 (75 % within the 
physiographic  criteria).   Aquifer  characteristics  groups  almost  16 %  and  water  quality 
represents 4 % of al the criteria in literature. 
 
Fig. 2.2-2 Number of Criteria per Group at Level 3 Cluster and MAR Technique. 
With the exception of the paper by Fernández Escalante et al. (2014), no other paper has at 
least one criterion in al the groups at the level 2 cluster. Also, this work is the only one that 
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includes  social  criteria.   Climate criteria  have  been  applied on SSS  of  spreading  methods 
(Mehrabi et  al.,  2012) and on the  unspecified  MAR types (Malekmohammadi et  al.,  2012). 
Environmental criteria have been applied in MCDA-GIS for spreading methods (Alraggad and 
Jasem,  2010;  Kalali et  al.,  2007;  Riad et  al.,  2011) and  wel,  shaft and  borehole recharge 
(Brown et al., 2005). Environmental criteria are practicaly only used in the form of “distance 
to” urban areas or water structures when dealing with wastewater as the recharge source. 
Management  criteria  accounts for  almost  half (46 %)  of  al the  criteria in  wel,  shaft  and 
borehole recharge in the cluster level 2. 
Physiographic criteria represent more than half of the used criteria for al MAR techniques – 
excluding wel, shaft and borehole recharge. This group stands for almost 95 % of the criteria 
used for in-channel  modifications  and the  unspecified MAR cases; 84 % for the  spreading 
methods, and 50 % in the study that included al MAR techniques. In the second cluster level 
of physiographic criteria, surface characteristics are the more frequently used. They represent 
85 %  of  al  criteria for the in-channel  modifications,  77 % for the  unspecified,  64 % for 
spreading methods and 32 % for the case for al MAR techniques. Aquifer characteristics are 
the main used in wel, shaft and borehole recharge (23 %) as wel as water quality criteria 
(15 %).   Aquifer  criteria  stands for  17 %  of  al the  criteria in  spreading  methods  and the 
unspecified cases. 
Landform plays a major role for the spreading methods (22 % of al the criteria) within the third 
cluster level of the physiographic/surface criteria (S4 in Fig. 2.2-2). Hydrography aspects (S2) 
are  mainly used for the in-channel  modifications  MAR technique (40 %  of  al  criteria). 
Geological criteria (S1) have a similar representativity for in-channel modifications (20 %) and 
unspecified MAR techniques (19 %), and less for the  spreading  methods (15 %).   Soils 
characteristics (S5) is the main criteria group for the unspecified MAR techniques (21 % of al 
criteria) and  also  play  a  minor role in  spreading  methods  cases (12 %)  and in-channel 
modifications (5 %).  Land  use is the  only  surface  criteria  cluster used in  wel,  shaft  and 
borehole recharge. 
The  difference in the  criteria  cluster  distribution  described in Fig.  2.2-2 was  expected, as 
surface criteria play a more important role in groundwater recharge in spreading methods and 
in-channel modifications than they do in wel, shaft and borehole recharge. On the other hand, 
aquifer criteria, recharge source and native water are more relevant in wel, shaft and borehole 
recharge.  Anthropogenic criteria are common when the source of recharge is wastewater. 
Within surface criteria, as expected landform is the most frequent criterion for the spreading 
methods, folowed  by  geological  and  soils features.  In-channel  modifications  are  strongly 
dependent on the hydrography criteria, as confirmed by the number of criteria used for this 
group and this MAR technique based on the information shown in Fig. 2.2-2. 
2.2.3 Criteria Weight in GIS-MCDA for MAR 
There is no standardized weight assignment method for GIS-MCDA. To compare the assigned 
weights found in literature,  al were transformed to suit  a  WLC  and  standardized when 
necessary. For suitability maps created using only Boolean logic as the decision rule, weights 
were equaly  distributed  among the used criteria.   This action was taken because the 
differentiation capacity among the criteria set is lost using this decision rule – al criteria are 
assigned the same weight (Ghayoumian et al., 2007).  
The average weight for criteria groups at the cluster level 3 are presented in Table 2.2-2 for 
al the reviewed articles, for each MAR type and for the case that included al MAR types. The 
maximum, minimum and average assigned weight in literature for al reviewed MAR cases 
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are  presented in Fig.  2.2-3.   The results  by  MAR type  are  shown in Fig. 2.2-4 (spreading 
methods), Fig.  2.2-5 (in-channel  modifications), and Fig.  2.2-6 (unspecified  MAR type). 
Because wel, shaft, and borehole recharge and the case with al MAR types have only one 
weight per criteria cluster used, the maximum, minimum, and average figure is omitted. 
Table 2.2-2 Average of the Criteria Weight (in %) at Level 3 Cluster 
Level 3 Code 
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Storage capacity A1 12 15 10 NC 12 4 
Storage/flow A2 
9 9 NC 7 9 NC 
Flow capacity A3 11 13 15 7 11 4 
Geological S1 
17 17 15 NC 19 6 
Hydrography S2 15 15 13 NC 16 NC 
Landform S3 
18 20 18 NC 19 4 
Soils S4 17 18 10 NC 16 NC 
Land use S5 
10 17 10 NC 15 4 
General water quality W1 1 NC NC NC NC 1 
Groundwater W2 
18 20 NC 29 15 2 
Superficial water W3 7 NC NC 7 NC NC 
Precipitation C1 
6 13 NC NC NC 3 
Runoff C2 19 NC NC NC 19 NC 
Environmental E1 
7 10 NC 14 NC 2 
Economic M1 11 13 NC 7 NC NC 
Operational M2 
6 NC 10 7 NC 5 
Impact assessment M3 3 NC NC NC NC 3 
Social Z1 
13 15 10 NC 12 4 
NC = no criteria for the MAR class 
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Fig. 2.2-3 Maximum, Minimum, and Average Weight Assigned to the Criteria for Al Reviewed 
Case Studies. 
 
 
Fig. 2.2-4 Maximum,  Minimum, and  Average  Weight  Assigned to the  Criteria for  Spreading 
Methods Case Studies. 
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Fig.  2.2-5 Maximum,  Minimum, and  Average  Weight  Assigned to the  Criteria for In-channel 
Modifications Case Studies. 
 
Fig.  2.2-6 Maximum,  Minimum, and  Average  Weight  Assigned to the  Criteria for Unspecified 
Case Studies. 
In general, the distribution of the weights varies between MAR types. Soils criteria show the 
widest range of weight values for al the reviewed case studies (S4 in Fig. 2.2-3), from below 
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5 % up to 60 %; with the average around 18 %. The average weights for al surface criteria 
(S1, S2, S3, S4 and S5 in Fig. 2.2-3) are in the range of 10-20 %. General and surface water 
quality,  as  wel  as runoff  have  been  only  used in  one  case  study,  hence, there is just one 
weight. Therefore, no maximum and minimum are presented in Fig. 2.2-3 for these criteria 
clusters. 
In the remaining MAR types (spreading methods, in-channel modifications and unspecified) 
the distribution of weights is wider for spreading methods (see Fig. 2.2-4), particularly in the 
case of surface criteria. The average assigned weight for this group in Fig. 2.2-4 is between 
15 % (S2 – hydrographical criteria) and 20 % (S3 – landform criteria).  Aquifer criteria is the 
other group that presents a considerable variation in weights for the spreading methods. Stil, 
the  average  assigned weights in literature  are  smaler than for the  surface  criteria  group, 
ranging from  9 % (A2 – flow  and  storage  capacity) to  15 % (A2 – storage  capacity).  The 
weights  assigned to the  economic  criteria  cluster  also  vary  greatly in the  specific  case  of 
spreading methods (M1 in Fig. 2.2-4). 
Only surface criteria present an assortment of weights assigned for in-channel modifications 
(Fig.  2.2-5).   The  minimum  weight is  10 % for the  geological,  hydrography  and landform 
groups. The last group presents both the higher average and maximum weights, 18 % and 
26 % respectively. Both geological and hydrography criteria groups have a maximum assigned 
weight in literature of 21 %; while the average assigned weight for the first was of 15 % and 
for the second of 13 %.  Regarding the unspecified MAR type, the surface criteria average 
assigned weight are between 15-19 % while the aquifer criteria between 9-12 % (see Fig. 
2.2-6). 
2.2.4 Discussion 
GIS-MCDA uses spatial data to rank the areas regarding their suitability to sustain a specific 
MAR technique. It can be hypothesized that there is more information available on superficial 
criteria than there is for aquifers, water quality, climate, and management criteria. This offers 
one explanation on why almost 90 % of the reviewed cases refer to MAR techniques related 
to infiltration (spreading methods, in-channel modifications, and unspecified). Direct injection 
MAR techniques (wel, shaft, and borehole recharge in Error! Reference source not found.) 
are more data-intensive, as they depend on the precise characterization of the aquifer system. 
This could also explain why management criteria were mentioned more frequently in this MAR 
type as wel as aquifer criteria. 
One reason for only been able to find one document of GIS-MCDA for induced bank filtration 
MAR technique could  be  due to its  main  characteristic.  This  MAR technique requires the 
existence of river or lake bank, thus, very site specific. GIS-MCDA for MAR is done in wider 
areas,  while this  MAR technique is  specific to river  and lakes banks,  which  could  be  quite 
limited in a broader analysis. 
The range of the criteria weights is quite extensive for most of the criteria.  As the criteria 
weights are uniformized, the final weight wil depend on the number of criteria. This could be 
one reason for the  broader range,  especialy in the  criteria that  are more  often  used.  For 
example, if the  same  criterion is ranked first in two  different  criteria  sets,  one  with  a few 
criteria and the other with many, this criterion would not have the same weight even if it is 
the  most important  one in  both  cases.  With the  available information it is  not possible to 
extract specific weights for the criteria set.  What can be drawn is the general importance 
specific criteria have for the analyzed MAR techniques. 
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Based on the weights obtained from this review, for spreading methods the most important 
criteria (higher weight) are landform and groundwater quality, folowed by soils, geology, and 
land use.  For the in!channel modification landform is the most important criterion, folowed 
by the aquifer flow capacity, geology, and hydrography. While for the wel, shaft and borehole 
recharge the groundwater quality is the most important criterion, folowed by the 
environmental criteria. 
2.3 Suitable Areas for Spreading Methods in Costa Rica 
The main driver for any MAR project is demand (Dilon et al., 2009; Government of India, 2007; 
NRMMC!EPHC!AHMC, 2009), but water demand can rapidly change according to society’s 
needs. This situation is more pronounced in countries with no urban or water planning, like 
Costa Rica. For this reason, the identification of suitable areas for MAR in Costa Rica is based 
in physiographic criteria alone.  The available spatial criteria for Costa Rica included: 
hydrogeological aptitude (geology cluster), terrain slope (landform), top soil texture (soil) and 
drainage network density (hydrography).  Based on these four criteria, the GIS!MCDA for 
spreading methods in Costa Rica was carried out.  Detailed demand, suitable sources of 
recharge, and additional criteria should be overlaid by the specific users.  The partial results 
from this section are published in the MPDI journal Water (Bonila et al., 2016) 
As discussed in the review, other MAR techniques require more data that is not currently 
available (aquifer characteristics, water quality) on a country scale.  It is possible that this 
information is available in a smaler scale for particular areas of the country. If there is a need 
to investigate other MAR techniques, it is recommended to conduct it in the areas with 
enough information available. As proposed by Chowdhury et al. (2010), the obtained suitability 
map for spreading methods can be used for the identification of in!channel modification sites. 
A buffer area around the streams can be overlaid to the map in order to identify suitable sites 
for in!channel modifications. Due to the Costa Rica final map scale this step was not carried 
out in this study. Yet, it could also be applied in a smaler scale for a particular area. 
2.3.1Methodology 
The methodology proposed by Rahman et al. (2012) is used, since it is considered to be the 
most robust and consistent.  The procedure is made up by the folowing steps: problem 
definition, screening of feasible areas, ranking of suitable areas (with criteria selection, 
classification, values and weight assignment and overlaying) and sensitivity analysis.  A 
graphic representation of this methodology is shown in Fig. 2.3!1.  For detailed instructions 
on the GIS!MCDA for MAR the reader is referred to Rahman et al. (2012) and for more details 
on the general GIS!MCDA concepts and components see Malczewski (1999) and Malczewski 
and Rinner (2015). 
 
Fig. 2.3!1 MCDA!GIS Methodology for MAR [Source: Rahman et al., 2012] 
1) Problem 
definition
2) Constraint 
mapping
3) Suitability 
mapping
4) Sensitivity 
analysis
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According to  Malczewski (1999) “al  decision-making  processes  begin  with the recognition 
and definition of the decision problem”. The problem definition states the main driver of the 
GIS-MCDA  analysis, it  depends  on the  nature  of the  chalenge to tackle.   The  problem 
definition  wil  demarcated not  only the  criteria  set,  but the  value  scaling  and the  weight 
assignment, as it determines the aim of the specific study (Eastman et al., 1995). Different 
MAR techniques, as wel  as  diverse sources and  objectives of recharge wil originate 
numerous problem definitions, thus, the need for different criteria sets for each combination. 
One example is soil infiltration capacity: this might be the leading criterion for an infiltration 
scheme,  yet, it  provides  no additional information in  selecting  a  site for  direct injection. 
Another  example is  given  by  O’Geen et  al. (2015) on searching  agricultural  areas  where 
recharge through flooding is feasible in California. The study included the root zone residence 
time factor as a criterion. The capacity of the crop to survive a flooding event has no relevant 
effect in the recharge process, but a big impact on the crop yield. This has a direct economic 
importance; therefore, this criterion plays an important role in this specific study. 
The areas where MAR is neither feasible, nor land is available, are screened out by means of 
a constraint mapping (Rahman et al., 2012). This is based on the Boolean logic decision rule; 
unsuitable areas screened out in this step wil not be further considered, while suitable areas 
wil be ranked in the next step: suitability mapping. Suitability mapping refers to the ranking 
of the basic analysis units, this is main component of the GIS-MCDA (Rahman et al., 2012). 
The basic components of a GIS-MCDA (criterion value scaling, criteria set weights assignment 
and the application of decision rule) are covered in this phase (see section 2.1.2). Finaly, the 
sensitivity analysis is the set of methods to assess the uncertainty in the decision process 
(Malczewski  and  Rinner,  2015).  It is  necessary because the  available information  contains 
uncertainties, e.g. measurement  and  conceptual  errors in the  criteria  values  and  weights 
(ibid.).   According to  Malczewski (1999) the  main  sources  of  uncertainty in  GIS-MCDA  are 
within the criteria values and weights. 
Sensitivity analysis is rarely discussed for GIS-MCDA for MAR literature with some exceptions 
(Rahman et  al.,  2012).   A  more  common  approach in literature is to  validate the results  by 
comparing them  with  existing  MAR  schemes, other spatial  criteria further and on-site 
investigations. Suitability maps have been compared with criteria not used in the analysis, i.e. 
geomorphology (Ghayoumian et  al.,  2007;  Mahdavi et  al.,  2013) and  groundwater level 
fluctuation (Chowdhury et al., 2010). Also, the comparison has been performed with existing 
MAR units (Alesheikh et al., 2008; Ghayoumian et al., 2005; Kalali et al., 2007).  A different 
approach is to compare suitability maps obtained from different decision rules (Alesheikh et 
al.,  2008;  Malekmohammadi et  al.,  2012;  Riad et  al.,  2011).   Further investigations include 
computer  aid  simulation  on the impact  of the  proposed  MAR  sites  on the groundwater 
resources (Brema and Arulraj, 2012; Chenini and Ben Mammou, 2010; Russo et al., 2015) and 
detailed research in the identified sites by increasing the criteria set and field work (Brown et 
al., 2005). 
2.3.2 Selected Criteria Set 
The ranking  of the  country  was  based  on four  criteria:  hydrogeological  geoaptitude, terrain 
slope, top  soil texture  and  drainage  network  density.  Al the  considered criteria  are 
physiographic, belonging to the cluster surface (see section 2.2). Terrain slope and land use 
were used as constraint mapping. In Costa Rica, terrains with a slope higher than 40 % are 
classified as steep (PE, 1997), and can only be dedicated to forest activities.  Conservation 
areas and national parks can only be used for conservation and research purposes (AL, 1998, 
1995, 1977), and thus are excluded from the analysis. A short description for each criterion is 
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given, for the original and process maps see Appendix A and for more details see Bonila et 
al.(2016). 
Hydrogeological Geoaptitude 
The hydrogeological geoaptitude map was originaly built as a vulnerability map by Astorga 
and Arias (2003). According to the authors it does not represent the actual aquifers that exist 
in Costa Rica. It identifies the unconfined aquifers of the country that have higher vulnerability 
to contamination from anthropogenic activities (Astorga and Arias, 2003). The map is based 
on the rock formations that  have the  potential to from an  unconfined  aquifer.  An  area 
classified as without potential does not limit the existence of aquifers system, e.g. a fracture 
aquifer system in volcanic or sedimentary formations. The most important aquifers for public 
water supply of Costa Rica exist in this type of formations (Losila et al., 2001). 
The  hydrogeological  geoaptitude is defined  as the characteristics of  a  geological rock 
formation that expresses the potential to develop an unconfined aquifer that may be used for 
various human activities (Astorga and Arias, 2003). The hydrogeological aptitude considers the 
rock formation attributes, i.e. lithology, extension, and general physical characteristics. It is a 
discrete geological criterion classified as with potential or without potential; the first is divided 
in three subclasses: high potential, moderate potential and low potential (Astorga and Arias, 
2003). 
Terrain Slope 
Also referred to as slope, terrain slope is the most frequently used criterion in literature (see 
Table 2.2-1 and Fig. 2.2-2) and has the highest weight (see Table 2.2-2 and Fig. 2.2-4) for the 
spreading  methods.  The  slope  describes the inclination  of  a  direct line  between two 
landmarks and their respective heights. Terrain slope is one of the factors that controls runoff 
and natural recharge. Its importance lays beyond the infiltration capacity, it also determines 
the terrain  stability  and  whether if it is feasible to construct the MAR structure itself.   The 
terrain slope was calculated from the Digital Elevation Model (DEM) published in the Costa 
Rica Digital Atlas (TEC, 2014). 
Top Soil Texture 
Soils texture is the third  most frequently  used  criterion in literature for  spreading  methods 
(see Table 2.2-1 and Fig. 2.2-2). It is the second most important criterion regarding the criteria 
set weight (see Table 2.2-2 and Fig. 2.2-4). Soil texture is recognized as the main parameter 
that influences the  soil infiltration capacity (Singh et al.,  2013;  Sukumar  and  Sankar,  2010). 
The soil data for Costa Rica was colected by the Ministerio de Agricultura y Ganadería (MAG, 
Ministry of Agriculture and Livestock of Costa Rica) in a 1:500 000 scale map digitalized by 
TEC (2014). 
Drainage Network Density 
The criterion is caled drainage density or intensity in literature. It is considered an indicator of 
the natural infiltration capacity of a terrain rather than a criterion that has a direct impact on it.  
Shaban et al. (2006) stated that higher density of the drainage network of an area relates to 
less recharge rate. Dunne and Leopold (1978) define drainage network density as the division 
of the length of al the channels in the basin divided by the area of the basin.  In this study, 
the drainage network density was calculated from the river network presented by the Instituto 
Geográfico Nacional (IGN, National Geographic Institute) cartography maps on a 1:50 000 scale 
for the whole country digitalized by TEC (2014). 
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2.3.3Weight Assignment 
The assignment of different weights for the integration of the criteria is necessary as not al 
criteria have the same degree of influence on the recharge (Shaban et al., 2006).  Three 
methods for assigning weights were carried out and compared, namely, the ranking method, 
the MIF, and the pairwise comparison.  For the ranking method, the folowing order (from 
most to least important) was chosen: hydrogeological geoaptitude, terrain slope, top soil 
texture, and drainage network density. 
The relationships (and effect) among the criteria for the MIF method from Bonila et al. (2016) 
are presented in Fig. 2.3!2. Major effects are represented by solid arrows and minor effects 
by dashed ones. A major effect wil yield one point and a minor effect, half a point. The score 
is the sum of the points obtained for each criterion and the weight is calculated by 
standardizing the criteria set scores. For example, top soil texture has a major effect on the 
MAR technique itself and a minor effect on drainage network density (see Fig. 2.3!2).  This 
means that the score for the top soil texture is 1.5.  With a total score of 7.0, and after the 
standardization, the weight for this criterion is 0.21.  The discussion on the relationships for 
the MIF can be found in Bonila et al. (2016). 
  
Fig. 2.3!2 MIF Criteria Interrelationships, Scores, and Weights (Bonila et al., 2016) 
In the pairwise comparison method, the relative importance between two criteria at a time is 
evaluated.  The same reasoning on the relationships for the MIF (Bonila et al., 2016) was 
applied in the pairwise comparison: hydrogeological aptitude is as important as terrain slope 
and more important than top soil texture and drainage network density.  Terrain slope is as 
important as top soil texture and more important than drainage network density; and top soil 
texture is slightly more important than drainage network density. In this last case, the intensity 
of importance in Saaty’s scale (1980 in Malczewski and Rinner, 2015) is 3 for the top soil 
texture criterion and 1/3 for the drainage network density in the pairwise comparison matrix 
(reciprocal matrix). 
The pairwise comparison matrix for the four criteria is shown in Table 2.3!1. The last column 
in this table (weight) is obtained by normalizing each column of the pairwise comparison matrix 
and calculating the average value of the row in the normalized pairwise comparison matrix.  
The consistency ratio for the pairwise comparison matrix is 0,099 (< 0,1) in this case, thus, 
there is a reasonable level of consistency in the defined pairwise comparison (see 2.1.2). 
Criterion 
Score Weight 
Hydrogeological 
geoaptitude 
3 0.43 
Terrain slope 2 0.29 
Top soil texture  1,5 0.21 
Drainage 
network density 0,5 
0.07
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Table 2.3-1 Pairwise Comparison Matrix for the GIS-MCDA for MAR in Costa Rica 
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Hydrogeological geoaptitude 1 1 5 5 0.44 
Terrain slope 1 1 1 5 0.31 
Top soil texture  1/5 1 1 3 0.19 
Drainage network density 1/5 1/5 1/3 1 0.07 
The calculated weights for the three methods are shown in Table 2.3-2. The differences in 
the  weights  among the  criteria  are insignificant,  as the  highest  difference is  0.04 for the 
hydrogeological  geoaptitude.   The reason for this  behavior is that the  same relations  were 
defined in al methods. Major effects in the MIF were assigned a strong importance (intensity 
importance  of 5) in the  pairwise  comparison  and  minor  effects  a  moderate importance 
(intensity importance of 3).  For example, hydrogeological geoaptitude was always the main 
criterion, i.e. it was ranked higher, it had major effects on the other criteria (soil texture and 
drainage density) in the MIF and it had a strong importance in the pairwise comparison to the 
other criteria. Soil texture had only a minor effect on drainage density in the MIF and moderate 
importance regarding the drainage density in the pairwise comparison. The MIF is preferred 
over the  other methods for its visual representation  of the relationships  and interactions 
among the criteria. 
Table 2.3-2 Weights Assigned for the Criteria  Set Using Three Methods:  Ranking,  MIF  and 
Pairwise Comparison 
Criteria Rank method MIF 
Pairwise 
comparison 
Hydrogeological geoaptitude 0,40 0,43 0,44 
Terrain slope 0,30 0,29 0,31 
Top soil texture  0,20 0,21 0,19 
Drainage network density 0,10 0,07 0,07 
Bonila et al. (2016) introduce a variation to the original MIF (Magesh et al., 2012; Shaban et 
al.,  2006).   The  problem  definition (MAR technique  spreading  methods, in this  case)  was 
introduced in the  graphical relationship (see Fig. 2.3-2).  It  was  necessary to introduce the 
problem definition in the graphical relationship because a criterion may influence the problem, 
but not the other criteria (like the drainage network density). 
2.3.4 Criterion Value Scaling 
Stepwise function was used for the standardization of the discrete criteria (hydrogeological 
geoaptiutde and top soil texture). The same four classes used for hydrogeological geoaptitude 
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were kept and the soil were grouped into four classes: loamy skeletal (sandy, loam sandy, 
sandy loam), sandy clay loam, loams (clay loam and loam), and clays and silts (sandy clay, clay, 
silty clay loam, silty loam, and silty clay). The stepwise function used assigned a value of one 
to the most important class and a value of 0 to the least important one (see Fig. 2.3-3 a and 
c). 
Linear functions  are  used for the  criteria  with  continuous  data (terrain  slope  and  drainage 
network density).  By using the graphics in Fig. 2.3-3 b and d, the data can be transformed 
into a standardized value. A single linear function was used for the drainage network density 
and  a  multiple linear function for the terrain  slope.   For  a detailed  description  of the 
standardization process, see Bonila et al. (2016). 
 
Fig. 2.3-3 Criteria Value Scaling for the MCDA-GIS for MAR in Costa Rica. (Bonila et al., 2016) 
2.3.5 Sensitivity Analysis 
The sensitivity analysis was applied to the criterion weights assignment (the MIF method, in 
this  case).  It  was  carried out  by  changing the  weight assignment by  adding  or removing 
relationships between the criteria in the MIF. For each criterion, a minor or a major effect was 
added  or removed,  while  al the  other  criteria relationships  were  maintained.   These smal 
criteria weight variations altered the decision rule.  There was a total of 16 distinct weights 
scenarios (and 16 distinct results), eight scenarios per effect variation (minor or major). The 
range of the criteria weight is shown in the boxplot diagram in Fig. 2.3-4; where the weights 
for the MIF (green lines) are presented in addition with the weight estimated by the ranking 
(orange triangles)  and  pairwise  comparison (blue  dots) methods.  The results for the  eight 
analyzed scenarios are presented in Fig. 2.3-5. 
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Fig.  2.3-4 Criteria Weight Range for the Sensitivity  Analysis  on the  MIF Method; Weights 
Calculated by the Ranking and Pairwise Comparison Methods (modified from Bonila et al., 2016) 
 
Fig. 2.3-5 Changes in Classes for the Eight Scenarios of the Sensitivity Analysis. (modified from 
Bonila et al., 2016) 
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The weights for the MIF are calculated based on Fig. 2.3-2 (green lines in Fig. 2.3-4).  The 
weights calculated in the sensitivity analysis by adding or removing minor relationships are 
represented in the box, and the weights for adding or removing a major effect are represented 
by the  whiskers (Bonila et  al.,  2016).   The  weights  calculated  by the ranking  and  pairwise 
comparison are always inside the box in Fig. 2.3-4. There is a smaler variation between the 
weights  derived from  different  assignment  methods than from the  sensitivity  analysis  by 
adding or removing a minor effect. 
The sensitivity analysis was carried out by comparing the original suitability map with the new 
map  created  with the  altered  weight in Fig.  2.3-4.   The results  were then  classified  as  no 
change (no difference in the ranking between the original suitability map and the evaluated 
one) and change or switch (Bonila et al., 2016). The results for the eight analyzed scenarios 
are  presented in Fig.  2.3-5, where a plus sign represents the scenarios by adding a minor 
effect (a, c, e, g)  and  a  minus for removing  a  minor  effect (b, d, f, h).   These  scenarios 
correspond to the weights of the boxes in Fig. 2.3-4. Fig. 2.3-5 a and b show the change in 
hydrogeological aptitude (HA); Fig. 2.3-5 c and d, the change in terrain slope (TS); Fig. 2.3-5 e 
and f, the change in soil texture (ST); and Fig. 2.3-5 g and h the change in drainage density 
(DD). 
2.3.6 Suitable Areas Identified for MAR in Costa Rica 
The suitability mapping is obtained by applying the decision rule (WLC) to the criteria based 
on the weights (see 2.3.3) and the value scaling (see 2.3.4). The constraint map is overlaid to 
discard the unsuitable areas (gray in Fig. 2.3-6). 
 
Fig. 2.3-6 Identification of Suitable Areas for Spreading Methods in Costa Rica (Bonila et al., 2016) 
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The suitable areas represent 61 % of the country’s surface (Bonila et al., 2016). The final map 
(see Fig. 2.3-6) ranks these suitable areas based on the criteria set. For a better interpretation, 
the  map is  converted into linguistic  classes.   The linguistic  classes, the  percentage  of the 
country regarding suitable areas (total of 100 %), and total country area (total of 61 %) is given 
in Table 2.3-3. 
Table 2.3-3 The Linguistic classes, Rank Range, and Coverage Percentage of the Suitability Map 
(Bonila et al., 2016) 
Linguistic classes Rank range Percentage of suitable areas Percentage of country area 
Very high 1.00–0.81 20 12 
High 0.80–0.61 30 18 
Moderate 0.60–0.41 22 14 
Low 0.40–0.21 16 10 
Very low 0.20–0.00 12 7 
Half  of the  country that is  suitable for  spreading  methods has  a rank  value above  0.6 (see 
Table 2.3-3, very high and high classes). This means that more than 30 % of the total area 
present good conditions for a spreading methods MAR project (Bonila et al., 2016). According 
to Bonila et al. (2016), the other areas (moderate, low, and very low classes  – with a rank 
value up to 0.6) can stil sustain a spreading methods MAR project. The ranking only points 
out which areas present the best conditions based on the chosen criteria.  The best ranked 
regions in Fig.  2.3-6 are the Northern  and  Tortuguero lowlands; the Tempisque  River and 
Central valeys, as wel as coastal areas in the Caribbean and Pacific coast. On the other end 
are the  General  valey,  and the  Tilaran  and  Aguacate  mountain ranges, and the  Nicoya 
Peninsula, which were assigned with the lowest rank values. 
This suitability  map is the first  attempt to  classify  and  prioritize  areas for further  studies in 
Costa Rica. As stated by Bonila et al. (2016), this work only highlights the areas with the best 
physical characteristics for the spreading methods MAR technique based on the given criteria 
set.  A  more  detailed  and  precise investigation is recommended  prior to any ful-scale 
implementation. 
2.4 Practical Applications 
The spreading methods suitability map (Fig. 2.3-6) is a tool for decision-makers in Costa Rica. 
It was created with the intention to be used by any water user. The users may overlaid the 
spatial  distribution  of their  demand to the  suitability  map for  spreading  methods.   Other 
criteria, such as the  available  water resource for recharge, may be included  as  wel.   The 
identified suitable areas then become more specific for the actual area and the user problem 
definition. 
One potential  user  of the  suitability  map in the  government  could  be the  AyA.  WSS that 
reached their production capacity could be identified in a map. This map can then be overlain 
with the  suitability  map for  spreading  methods to identify the  areas that have  a  WSS that 
potentialy could use the spreading methods MAR technique. The identified areas should then 
be investigated to determine the actual feasibility of a MAR project. 
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Another potential user is the agriculture sector. Areas that are currently experiencing shortage 
in their irrigation  capacity  or  areas  where the  dry  season is  expected to  extend  can  be 
identified in map. This map could be overlain with the spreading methods suitability map in 
order to identify areas where the demand coincides with high or very high suitability. 
A map with the location of the waste water treatment plants can be overlain with the map for 
spreading methods in order to identify the areas where the effluent of the treatment plants 
can be infiltrated in a controlled way via MAR techniques.  The identified regions should be 
further investigated to guarantee that the recharge process does not pose any hazard to the 
environment. 
Furthermore, the map can be used as tool to select the regions that should be prioritized in a 
research strategy.  First, the regions or areas with higher ranking in the suitability map, and 
then, the areas with lower ranking should be investigated. It is important to remember that 
the suitability map only ranks the areas that have a higher possibility to sustain a spreading 
methods MAR technique. Areas ranked low in the suitability map potentialy could stil hold a 
spreading  methods  MAR  project  based  on  specific  conditions that  due to the  scale  or 
resolution of the criteria used was not considered. 
If the specific demand for drinking water or irrigation would have been included in the creating 
of this map, it would only be appropriate for this specific demand. That is why, even though 
the  main  objective  of this thesis is to  use  MAR to  overcome  water scarcity during the dry 
season, it was restricted to only physiographic criteria. This way the final map can be used for 
various purposes and be adapted accordingly. 
2.5 Summary 
Overal, potentialy suitable  areas for the implementation  of  spreading  methods were 
identified in Costa Rica based on four physiographical criteria by the application of a GIS-MCDA 
study.  The results from this chapter alowed to evaluate the suitability of MAR techniques 
under  Costa  Rica’s  environmental  conditions on  a  country  scale.  For  each  of the  specific 
topics analyzed (GIS-MCDA, literature review and the Costa Rica study case), the main results 
are outlined. 
GIS-MCDA 
- GIS-MCDA combines the capability of GIS tools with the structure of MCDA to guide 
the decision-making chalenge. 
- It is important to use a consistent and precise language when applying a GIS-MCDA in 
any field. 
- GIS-MCDA is an established and systematic approach to identify suitable sites for al 
MAR techniques. 
- Data availability defines, in many cases, the criteria set (even if not stated). 
Literature Review. 
- Spreading methods MAR technique is the most frequently used scheme in the GIS-
MCDA literature – comprising 55 % of the studies. 
- Unspecified MAR is the second most frequently found technique for GIS-MCDA (23 % 
of  studies), folowed  by in-channel  modifications (12  %), and  shaft  and  borehole 
recharge (10 %). 
- Only one document was found on GIS-MCDA for induced bank filtration. 
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- The criterion weight is based on the number of criteria, this is why it is misleading to 
determine the average weight for a particular criterion based on literature. 
- At cluster level, the criteria most frequently used are physiographic (81 %), folowed 
by anthropogenic (17 %), and climate (2 %). 
- For level two cluster the criteria most frequently  used  are  surface  criteria (60 %), 
folowed by aquifer (16 %), and water quality (4 %). 
- Social criteria are only used in one paper, while most of the environmental criteria are 
used in the form of “distance to”. 
- Management criteria are more frequently used in wel, shaft, and borehole recharge 
MAR techniques (46 %). 
- Analyzed by MAR technique, the physiographic criteria represent 95 % of the criteria 
used for in-channel modifications and the unspecified MAR cases, 84 % of the criteria 
used for the spreading methods, and 50 % of the criteria in the study that included al 
MAR techniques. 
- Within the physiographic criteria, surface criteria represent 85 % of al criteria for the 
in-channel modifications, 77 % of the criteria for the unspecified, 64 % of the criteria 
for spreading methods, and 32 % of the criteria for the case for al MAR techniques. 
- Aquifer characteristics are the main criteria used in wel, shaft, and borehole recharge 
(23 %), as wel as in water quality criteria (15 %). Aquifer criteria stands for 17 % of 
al the criteria in spreading methods and the unspecified cases. 
Costa Rica Case. 
- It was possible to create a suitability map for spreading methods MAR type in Costa 
Rica  using four  physiographic  criteria.  This is  achieved folowing the  methodology 
proposed by Rahman et al. ( 2012). 
- The map created is  a first  approach to  determine  areas favorable for  developing 
spreading methods based on four physiographical criteria. 
- The final map is an “open tool” for any water user. It is a tool for decision-makers, yet 
it was not created for a specific water user. 
- Other criteria (water demand and recharge sources) should be overlain to prioritized 
regions or areas where further research is needed. 
- Suitable  areas for  spreading  methods represent  61 % of the total territory in  Costa 
Rica; more than 30 % is ranked as with high or very high suitability. 
- The map is not exclusive. This means that areas ranked as having moderate, low, or 
very low suitability, can stil hold potential for spreading methods MAR project. 
- The Northern and Tortuguero lowlands, the Tempisque River and Central valeys, and 
the coastal areas are the highest-ranked regions. 
- The  General Valey, the  Tilaran  and  Aguacate  mountain ranges, and the  Nicoya 
Peninsula represent the lowest ranked areas. 
- The final map should only be used to point out the areas that present the best physical 
characteristics.  It is  not intended for the  actual selection  of sites for the 
implementation of a ful-scale MAR project. 
- For actual site selection, more information at a better scale is needed.  A feasibility 
review of the proposed MAR project is required as wel. 
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3. MAR at a Regional Level: The Machuca River Case Study 
A feasibility study assesses the practicality of a proposed project and serves as a guide to the 
decision making regarding its implementation. Based on the findings of chapter 2, spreading 
methods are a suitable tool to be applied in Costa Rica, from a physiographic point of view in 
country scale. The decision to implement a MAR project does not depend only on the capacity 
of the physical media to accept the recharge, but is primarily driven by demand (Dilon et al., 
2009; Government of India, 2007; NRMMC-EPHC-AHMC, 2009).  To evaluate the suitability 
of MAR techniques under Costa Rica’s environmental conditions, this chapter systematicaly 
assesses the feasibility  of  a  potential  MAR  project  at  a regional level folowing the 
methodology proposed by the Australian MAR guidelines (NRMMC-EPHC-AHMC, 2009). 
For this, the hypothesis and a description of the selected MAR guideline are given in the first 
section.  The regional geology framework, climate characteristics as wel as the population 
and the WSS within the Machuca basin are reviewed in the second section of the chapter. 
Most  of the  basic information for this  section (3.2) is  obtained from the  master thesis  by 
Bonila (2014).  In the third  section, the  application  of the first  stage  of the feasibility 
assessment by the Australian MAR guidelines is done. The chapter finishes with a discussion 
on the MAR technique to be applied (section 3.4), the outlook (3.5) and a summary of the main 
findings (3.6). As part of this chapter one master thesis (Zapata, 2015) and one master’s study 
projects (Al Marzuqi et al., 2017) were conducted. 
3.1 General Background 
In  other to  determine the feasibility of  a  MAR  project in  Costa  Rica, the first  stage  of the 
assessment from the Australian MAR guidelines is carried out in the Machuca River basin (see 
section 1.4.3). The basic information on water demand and resources is needed to apply this 
methodology.  The  Machuca  River  basin  was  selected to  assess the feasibility  of  a MAR 
project based  on the folowing criteria:  1) there is  actual demand for  drinking  water in the 
Machuca River, which is expected to increase due to the construction of a new highway 2) 
the AyA is interested in studying different alternatives to supply this increasing water demand 
in a sustainable way, and 3) there is base knowledge on the demand, hydrography and aquifer 
systems present in the area. 
The importance  of the  Machuca River basin lays in its  geographical location.   The roads 
crossing the Machuca River basin historicaly connect the Central Valey and the main port of 
the Pacific. These roads range from the colonial “Camino Real” (Royal Road) and the Pacific 
Railroad (Hal,  1975) to a recently  built  highway.  Costa  Rica’s  Central  Valey  alocates the 
Capital  City  of the  country  and  other  surrounding  cities,  al  of  which  create the  Great 
Metropolitan Area (GAM, in Spanish). The GAM concentrates more than half of the country 
population in less than 4 % of the country territory (PEN, 2015). Because of the new highway 
(route 27, also caled José María Castro Madriz) the travel time between the GAM and the 
main port in the Pacific was reduced to less than an hour. 
Folowing the construction of the new highway, the currently rural areas of the municipalities 
in the  Machuca  River  basin  are  prone to  an  urbanization  process.   The  expected  urban 
expansion increases the demand for drinking water for domestic, commercial, and industrial 
uses. This puts additional pressure on the current WSS in the area that already suffers from 
a  negative  water  balance  as the  demand is  higher than the instaled  production.   The two 
Municipalities  within the  Machuca  River  Basin  bare the  names  of the  main towns that 
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flourished next to these transportation lines in the past – San Mateo along the Camino Real 
and Orotina along the Pacific Railroad. 
3.1.1 Hypothesis 
This chapter’s main hypothesis is that the feasibility of a MAR project can be assessed with 
the  available information  by  applying the  methodology  proposed  by the  Australian  MAR 
guideline (NRMMC-EPHC-AHMC, 2009). This represents the first stage in the assessment of 
any MAR project, which, in the case of being feasible, should continue with the next stages 
prior to the ful-scale implementation. 
3.1.2 Australian MAR Guidelines 
From the different guidelines for MAR assessment available the Australian (NRMMC-EPHC-
AHMC, 2009) is chosen for its simple and direct approach as wel as the detailed description 
of the components. A brief description of the MAR guidelines is given in section 1.4.3. At a 
first stage, the Australian guideline recognizes five critical elements that need to be verified 
before  proceeding further in  a  MAR  project (see Fig.  1.4-1).  A  short description for  each 
critical element for the first stage is given in Table 3.1-1, these five critical elements are: 
1. a sufficient demand for recovered water; 
2. an adequate source of water for recharge; 
3. a suitable aquifer in which to store and recover the water; 
4. sufficient land to harvest and treat water; and 
5. capability to effectively manage a project. 
Table 3.1-1 Five Critical Elements for the First Stage to Assess a MAR project (according to the 
Australian MAR Guidelines NRMMC-EPHC-AHMC, 2009) 
Element Description 
1) sufficient demand for 
recovered water 
This is the angular stone for any MAR project. If there is no demand of the 
recharge  water, there is no  need to  build  and  operate  a  MAR  scheme. 
Demand for the recharge  water  can  be in form  of  drinking  and irrigation 
water, environmental benefits, and flood mitigations, among others. 
2) adequate source of 
water for recharge 
The availability of recharge water must be secured.  Mean annual volume 
for recharge should exceed the mean annual demand to compensate loses 
in the recharge/recovery  processes.   The  efficiency  of  a  MAR  scheme is 
related to the  aquifer  characterization, the  creation  of  a  buffer zone  and 
water quality requirements. 
3) suitable aquifer in 
which to store and 
recover the water 
The target aquifer should have the capacity to store and retain the desired 
amount  of  water to  be recovered in  a later  step, including loses into the 
aquifer related to the recharge/recovery efficiency. 
4) sufficient land to 
harvest and treat water 
Particularly important for infiltration systems (as spreading methods). There 
should be enough space to alocate the water to be recharged.  Injection 
facilities  also require  sufficient  space for the instalation  of  necessary 
infrastructure. 
5) capability to 
effectively manage a 
MAR project 
MAR  projects  are  not limited to the infiltration  or injection  scheme, the 
operational and monitoring phases as wel as the folowing stages required 
qualified human resources. Specialized water management specialties, as 
wel as hydrogeologist and geotechnicians, among other are required. 
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According to the Australian guideline (NRMMC-EPHC-AHMC, 2009), if one of these elements 
is  not fulfiled the  assessment  of the  MAR  project  should  be  stopped.  After this first 
assessment is completed and if the MAR project turns feasible, further investigation should 
be conducted to assess its viability. The next stages comprise detailed investigations on the 
chosen site, pilot trials and finaly the implementation of the MAR project (ibid.). 
3.2 Regional Background 
The Machuca River is a tributary of the Jesús María River in the Central Pacific Coast of Costa 
Rica. The Machuca River basin has an area of 150 km2, which represents 39 % of the Jesús 
María Watershed (Bonila,  2014). The  Jesús  María Watershed is one  of the main 34 
watersheds (see 1.3.3).  It limits to the north with the Barranca River Watershed and to the 
south with the Tárcoles River basin.  Other tributaries of the Jesús María River are Paires, 
Surubres and Cuarros rivers. Besides this hydrographic system, the Jesús María Watershed 
also includes smaler  creeks,  estuaries, and  beach basins  according to the  watersheds 
partition of the country. The Jesús María hydrographic systems flows into the Tivives estuary, 
one  of the remaining tropical  mangroves forest  of the  Pacific  Ocean  of  Costa  Rica,  before 
reaching the  sea.  Fig.  3.2-1 shows the  geographical  distribution  of the  Jesús  María 
Watershed and its tributaries. 
 
Fig. 3.2-1 Jesús María Watershed and Its Main Tributaries.  
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3.2.1 Geology 
Most of the regional geology was described by Denyer et al. (2003).  A smal section in the 
northern and upper basin was mapped by áček et al. (2012) and the east part by Denyer and 
Arias (1991). As for almost the entire country, most of the geological processes are dominated 
by the past and present inland volcanic arcs. This refers to both direct deposition of volcanic 
materials as wel as erosion. The geological framework is heterogenic and complex, yet, some 
general sequences can be defined. A modified stratigraphic column from Denyer et al. (2003) 
is given in Fig. 3.2-2 and the spatial distribution of strata outcrops is given in Fig. 3.2-3. 
 
Fig. 3.2-2 Stratigraphic Column for the Machuca River Basin. (modified from Denyer et al., 2003) 
The regional basement, formaly known as Nicoya Complex, is composed from a basaltic lava 
form  at the  bottom  of the  sea (Denyer  and  Kussmaul,  2000).   Above this  complex lays  a 
sandstone  material (Punta  Carbalo  Formation) formed in  an  estuary  environment  with 
sedimentary materials from the emerged Nicoya Complex (Denyer et al., 2003).  Overlaying 
these  sandstones rests the  Aguacate  Group,  which is  manly  composed  of lava flows  and 
breccia. These lavas and breccias occupy most of the upper part of the Machuca River basin 
(see Fig. 3.2-3) which is more than 400 meters above sea level (masl). 
Above the lavas, a complex arrangement of lahar and tuff deposits is found. These formations 
have been simplified from an hydrogeologic point of view, grouping the tuff and ignimbrites 
(Avalancha  Ardiente,  Orotina  Formation,  and  Tiribí  Formation).   A  distinction  between the 
lahars is kept, as the Esparta Formation is composed of a clay matrix (70 %) while the Tivives 
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Formation is composed mainly of a volcanic clastic matrix. The tuff and lahar deposits outcrop 
in the middle part of the basin. They form terraces that lay in average above the 200 masl. 
 
Fig. 3.2!3 Simplified Geological Map with Superficial Intakes, Wels, and Springs(modified from 
Denyer et al., 2003) 
The upmost layer (last materials to settle) in the region are the quaternary aluvial deposits, 
some lay 80 meters above the actual river level (aluvial terraces) (Denyer et al., 2003). These 
are found in the Machuca River margins and in the junction with the Jesús María River. The 
Machuca River canyons are steep and deep, with elevation differences between the river and 
the terraces higher than 100 meters. 
From a hydrological point of view, the fractured lavas represent the best aquifer materials, 
depending on the connections of its fracture system. The aluvial strata are also good aquifer 
materials. The deposits in the junction with the Jesús María River could present a potentialy 
good aquifer. However, the elevation difference between them and the terraces where the 
demand is located pose a chalenge. Tuff materials, especialy fractured ignimbrites are also 
relatively good aquifer materials. For example, in Fig. 3.2!3 the outcrop lavas are dominated 
by springs, as wel as the river canyons while wels dominate the lahar and tuff terraces. 
3.2.2Climate 
According to the climate classification by Solano Quintero and Vilalobos Flores (2001) the 
whole Machuca River basin is located in the North Pacific climate region (see section 1.3.3). 
This belongs to the Pacific precipitation regime, characterized by the presence of a wel!
defined dry and rainy season (ibid.).  The mean annual precipitation is above 2500 mm, and 
the mean monthly temperature is between 25 and  28 °C.  With a four months dry period, 
Solano Quintero and Vilalobos Flores (2001) classified the climate as rainy with monsoon 
influence and the presence of a tropical dry forest. 
The annual water balance by the IHP!LAC for the Jesús María Watershed compute a 
precipitation of 2490 mm/year, a runoff of 1717 mm/year and an evapotranspiration (ET) of 
n 
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975 mm/year (UNESCO,  2007).  The  measurement  error for this  water  balance is 
202 mm/year, equivalent to 8.1 % of the water balance (ibid.).  According to Rojas (2011b), 
the annual precipitation in the Jesús María Watershed is between 1500 and 4000 mm. The 
lower value is given close to the coast and increases with the elevation. Additionaly, under 
an average climate scenario, the Jesús María Watershed has a runoff of 1663 mm/year (Rojas, 
2011b).  The runoff scenario from Rojas is slightly lower than that presented by PHI-LAC in 
2007. 
Bonila (2014) determined a mean annual precipitation of 3750 mm in the upper Machuca River 
basin; 3500 mm for the middle and 3300 mm for the lower basin.  The ET has an opposite 
behavior than  precipitation, it decreases  with the  elevation.  However, the  ET ranges  are 
smaler. In the lower Machuca River basin the annual ET is 1275 mm and in the upper part is 
1240 mm.  These mean values are calculated for a ten-years period (2001-2010) using the 
modified  Thornthwaite-Mather  water  balance.   The results from  Bonila  and  Rojas  are in 
accordance, as the Machuca River represents the upper part of the Jesús María Watershed. 
The difference with the IHP-LAC can be explained using average results for the entire Jesús 
María Watershed. The mean monthly precipitation and ET for the upper and lower Machuca 
River are given in Fig. 3.2-4. The monthly performance is the same for the entire basin. 
 
Fig. 3.2-4 Precipitation and Evapotranspiration for the Upper and Lower Machuca River Basin 
(modified from Bonila, 2014) 
The rainy  season in the  Machucha  River basin lasts for  six  months,  with  a  maximum 
precipitation in September and October. The average monthly precipitation in the rainy season 
is between 400 and 600 mm. The precipitation in the dry months (from December to March) 
represents 1.5 % of the annual mean precipitation, and sums up to less than 50 mm in al the 
four  months.  April  and  November  are the transition  months  between the  dry and rainy 
seasons, with less rain than in the actual rainy season. 
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3.2.3 Demography 
The Machuca River basin encloses parts of al the districts of the municipalities of San Mateo 
(to the  north)  and  Orotina (to the  south) with the river being the  boundary between the 
municipalities.  The  upper  part  of the  basin is in the  San  Rafael  district  of the San  Ramón 
municipality.  Based  on the roads  network  and the  elevation  difference, Bonila (2014) 
excluded the population in the San Rafael district from the estimation of the future population 
analysis.  In the  present  work, this  district is  also  excluded from the  analysis.  The 
administrative division and the Machuca River basin with the roads network and major and 
administrative head towns is given in Fig. 3.2-5. 
 
Fig.  3.2-5 Districts, Major, and Head  Towns and Road Network  Within the  Machuca River 
(modified from Bonila, 2014) 
A rapid demographic growth is expected in the middle and lower parts of the Machuca River 
basin as the  highway 27  places this region  closer to the  capital  city.  This  area  mainly 
corresponds to the Coyolar and Ceiba districts of Orotina and the Jesús María district of San 
Mateo. According to Bonila (2014) the San Mateo and Orotina municipalities had a population 
around  26,000 inhabitants  by  2011.   Based  on  diverse  demographic  methods (graphical 
comparison,  numerical  and  statistics  and  demographic  changes) the  population in  both 
municipalities  was  estimated to increase by 25 % in  nine  years, reaching  a  population  of 
32,000 inhabitants by 2020.   The  estimated  population for the  year  2030 is  41,000 (ibid.). 
Based  on the  population  density from  other  municipalities’ land  use  master  plans,  Bonila 
(2014) estimated a maximum population of 52,000 inhabitants for both municipalities. 
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3.2.4 Drinking Water Supply Systems 
An aqueduct or drinking WSS is used to provide water suitable for human consumption to a 
community (MIDEPLAN  and  AyA,  2002).  There  are five  main  WSS in the  study  area:  San 
Mateo and Jesús María in the San Mateo Municipality; and Coyolar-Barranca, Pital-Centeno 
and Orotina in the Orotina Municipality. The first three are operated by the AyA, the fourth is 
a delegated system managed by the community, and the last one is operated directly by a 
municipality.  These WSS are shown in Fig. 3.2-6.  To the best of the author’s knowledge, 
there is  no  municipal  waste  water treatment  plant  operating in the  whole  Jesús  María 
Watershed. For more on WSS and their main components see section 1.3.4. 
 
Fig. 3.2-6 Main Water Supply Systems in the Machuca River Basin. 
The instaled  capacity,  daily  maximum  demand,  population  served,  and  water  sources  are 
given in Table 3.2-1. In this table, wels and springs refer to groundwater sources and intakes 
to  superficial  water  bodies – rivers  and  creeks (see 1.3.4).  The daily maximum demand is 
estimated with a daily water consumption per habitant of 350 l and a daily maximum factor of 
1.2 (AyA, 2001). The daily maximum factor is a design concept for drinking WSS. To provide 
an  adequate  service, the instaled  capacity  of the  water  sources  should  cover the  daily 
maximum demand. The population estimation for each WSS is based on specific studies done 
on  different times,  between  2009 (Coyolar-Barranca  WSS)  and  2017 (Pital-Centeno  WSS). 
These  studies  considered the  comprehensive  analysis  of the  number  of  clients  and their 
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consumption.   Thus, the  exact  demand  and  number  of  people  served  by the  WSS  slightly 
differs from the regional study done by Bonila (2014) (see section 3.2.3). 
Table 3.2-1 Maximum Instaled  Capacity, Daily Maximum Demand, Population Served, and 
Water Sources for the Main Water Supply Systems in the Machuca River Basin 
Water supply 
systems 
Instaled 
capacity 
(l/s) 
Daily maximum 
demand 
(l/s) 
Population 
(thousand 
inhabitants) 
Water sources 
Coyolar-Barranca 35 30 6.1 15 wels driled (8 in 
operation) 
Jesús María 10 7 1.7 3 springs and 3 wels 
Orotina 22 43 8.8 6 springs and 2 
intakes 
Pital-Centeno 13 29 5.9 1 spring and 2 intakes 
San Mateo 15 15 3.3 1 intake 
Total 95 125 25.8 11 wels, 10 springs, 
and 5 intakes 
Already there is a negative water balance in the WSS of roughly 30 l/s, which is expected to 
increase as the new highway makes the study area more attractive for urban development. 
According to Table 3.2-1 not al WSS have a negative water balance but the regional situation 
requires  an integrated  and  sustainable  solution.   A  short  description  of  each  WSS, the 
population served and the setting within the administrative division is given in the folowing 
sub-sections. 
WSS Coyolar-Barranca 
The  Coyolar-Barranca  WSS is located in the  southern  part  of the  Machuca River basin.  It 
supplies drinking water to the main towns in the Coyolar and Ceiba districts of Orotina which 
are situated paralel to routes 27 and 34 and to the coastal area of San Juan Grande district of 
the neighboring municipality  Esparza (see Fig.  3.2-6).   The  system is limited with the  Pital 
Centeno WSS to the north. 
Most  of its production wels  are sited near the  water  divide.   The  system  was  originaly 
intended to supply drinking water to Puntarenas, the main city and port in the Pacific Coast. 
Built in the 1930́s paralel to the railroad it used to obtain its water from a spring known as 
“Ojo de Agua” (water eye) in the Central Valey.  With more than 80 km of pipeline, it was 
one of the longest aqueducts in the country. Over the years, the communities growing along 
the railroad connected to the main water pipe.  Since the 1990’s no water from the spring 
reached Puntarenas, al was consumed along the main pipeline. 
Due to the construction of the new highway between the capital city and the main port in the 
Pacific the pipeline was interrupted and not replaced.  This led to the search of new water 
sources, with the driling of 15 wels along the pipeline as the final solution. According to AyA 
(2010) the population of this WSS was above 6,000 inhabitants in 2009 and the production 
capacity  of  10  of the  original  wels  was less than  45 l/s.   By  2017  al the remaining  wels 
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produced with maximum rate  of  35 l/s.   Thus, the  production from the captured  aquifer 
systems was less than expected. 
WSS Jesús María 
This WSS serves the main town in the Jesús María district and the population along routes 
131  and  755.   By  2014 the  system  supplied  water to  a  population  of  1,700 (SEINCO  and 
HIDROTECNIA, 2014). The original water source of the Jesús María WSS were thre springs 
located in the Jesús María River basin to the north.  The system has been reinforced with 
three wels also situated in the north of the system.  The maximum instaled capacity of al 
the water sources for the Jesús María WSS is 10 l/s (AyA, 2012). 
The system limits with the San Mateo WSS to the east, with the Surubres River being the 
division among them (see detail box 1 in Fig. 3.2-6).  The distance between the distribution 
pipes of both systems is 2.5 km. The AyA analyzed this option to increase the robustness of 
both  systems  by  means  of  an  external  consultancy  done  by SEINCO  and  HIDROTECNIA 
(2014). The study concludes that is was feasible to interconnect both systems. 
WSS Orotina 
One of the remaining systems operated by the local government (municipality), the Orotina 
WWS obtains its water from 6 springs and 2 superficial intakes al located in the Turrubares 
Mountain.   Al the  water  sources from this  system  are located  outside the  Machuca River 
basin and the Orotina municipality. The system borders with the San Mateo WSS to the north 
and the Pital-Centeno WSS to the west.  The Machuca River marks the separation with the 
San Mateo WSS and it practicaly merges with the Pital-Centeno WSS along route 757. 
According to EPYPSA (2010) the 2 superficial intakes are used without any treatment except 
for disinfection.  The instaled capacity of the springs is 22 l/s.  If water from the superficial 
intakes were treated, the instaled capacity of the system could be raised to 47 l/s. The main 
pipeline of the Coyolar-Caldera WSS (Ojo de Agua pipeline) crosses through the Orotina WSS. 
To the best of the authoŕs knowledge the Orotina WSS never connected to the Ojo de Agua 
pipeline. 
WSS Pital-Centeno 
This system is not directly operated by the AyA, but by the community. It supplies drinking 
water to the population in the Mastate district of Orotina along route 757 (see detail box 2 in 
Fig. 3.2-6). The population served by the system was 5,900 inhabitants in 2017. The systems 
limits lay close to the Coyolar-Caldera WWS to the south and the Orotina WSS to the east. 
This is one of the delegated systems caled ASADA in Costa Rica (see section 1.3.4). 
The  main  water  source is the  superficial intake from the  Pital  creek in the  Hacienda  Vieja 
district of Orotina. The system is reinforced with the superficial intake from the Centeno River 
in the San Mateo district and a spring in the same area. Both superficial intakes are treated 
to drinking water standards in two separate drinking water treatment plants (DWTP) with a 
capacity of 6 l/s each. The superficial intakes and the spring lower their production capacity 
towards the end of the dry season. 
WSS San Mateo 
The system supplies water to the main town of San Mateo and the population along route 3 
and 131, for a total population of 3,300 by 2014 (SEINCO and HIDROTECNIA, 2014). It limits 
to the south with the Orotina WSS and the Jesús María WSS to the west.  The system is 
separated from both WSS by the canyons of the Machuca and Surubres rivers, respectively. 
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The San Mateo WSS gets al its water from a superficial intake from the Machuca River which 
is treated in the DWTP San Mateo. The instaled capacity of the DWTP is 15 l/s, but the intake 
and main pipeline have a capacity of 26 l/s.  Two wels have been constructed but were 
abandoned. One wel was driled in the DWTP San Mateo property and the other on the same 
property where the administrative office is situated. 
3.3 Five Critical MAR Elements on the Machuca River 
To determine if it is convenient to proceed any further with a MAR project in the Machuca 
River basin, the five critical elements of the Australian MAR guideline are checked. Most of 
the information regarding critical elements one, two and three are based on Bonila (2014) and 
operational information from the WSSs. 
3.3.1Sufficient Demand for Recovered Water 
Based on his population estimations, Bonila (2014) presents two drinking water demand 
scenarios: one is based on the actual water consumption per capita (350 l/hab./day) and the 
other includes a reduction of the water consumption (250 l/hab./day).  The consumption per 
capita includes domestic drinking water consumption (150 l/hab.day) and industrial, services 
and commercial water consumption (30 l/hab.day) based on Costa Rica drinking WSS design 
guidelines (AyA, 2001). The analysis is done for 30 years (2011!2040), the typical time frame 
of WSS feasibility study. 
The unaccounted!for water (UFW) by 2011 represents a consumption of 170 l/hab./day/. 
Bonila (2014) estimates that it can be reduced to 70 l/hab./day if appropriate measures, such 
as control metering inaccuracies, leaking pipes and optimization in the production of the water 
sources, among others are taken. For more details on these calculations the reader is referred 
to the work by Bonila (2014).  The future maximum daily demand under these two water 
consumption scenarios (actual and reduced) is shown in Fig. 3.3!1. 
 
Fig. 3.3!1 Water Demand Scenarios for the Actual and Reduced Water Consumption (modified 
from Bonila, 2014) 
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Based on these scenarios, the daily maximum demand was estimated to be 127 l/s for both 
municipalities by 2011. This demand is not currently met by the instaled production capacity 
(see Table 3.2!1 and Fig. 3.3!1). The actual deficit in the basin is 30 l/s. It is expected that 
the demand reaches 250 l/s by 2040 if the same water consumption is kept or 180 l/s if the 
UFW is reduced (Bonila, 2014). Even if the UFW is reduced, the future drinking water demand 
wil be 85 l/s greater than the instaled capacity of al the WSS. 
3.3.2Adequate Source of Water for Recharge 
The water sources considered in this analysis are superficial sources: the Centeno, Machuca 
and Jesús María rivers.  Al three rivers have a monthly gauging record taken by the AyA. 
Other superficial sources are not taken into consideration as they have no discharge during 
the dry season (Paires River) or are rather smal and not used by any WSS (Surubres River). 
The springs in the upper part of the Machuca River also are potential recharge sources, but 
they were not considered as there is no information neither on their production nor their 
quality. 
As discussed by Bonila (2014) and Bonila and Rojas (2017) the gauging record kept by AyA 
focuses on determining the minimum available discharge to be captured for drinking water 
purposes.  Therefore, the number of measurements is more robust in the dry season.  The 
monthly flow rates statistics (percentile 10, 50 and 90) based on the gauging record and the 
number of data available per month are given in Fig. 3.3!2, Fig. 3.3!3 and Fig. 3.3!4 for the 
Centeno, Machuca and Jesús María rivers respectively.  To ease the comparison between 
these figures, both primary and secondary scales are the same for al of them. 
 
Fig. 3.3!2 Monthly Flow Rates Based on the AyA Gauging Record for the Centeno River. 
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Fig. 3.3!3 Monthly Flow Rates Based on the AyA Gauging Record for the Machuca River. 
 
Fig. 3.3!4 Monthly Flow Rates Based on the AyA Gauging Record for the Jesús María River. 
Strictly speaking, in Costa Rica there is no regulation on the minimum flow to be kept in a 
river.  The water law indicates that drinking water is the first priority in the case of scarcity 
(AL, 1942). There is a guideline to compute the amount of water that can be withdrawn for 
hydropower plants. This states that 10 % of the annual discharge should be kept in the river 
and that in no case the river should be dried up (IMN, 2004). Nonetheless, this methodology 
is not used, as the minimum gauged flow is lower than the 10 % of the annual discharge in 
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al three rivers. For this reason, it was decided to use the monthly percentile 10 of the gauging 
record as the base flow.  Based on this premise, the available water resource would be the 
difference  between the  percentiles 50  and  10.   A  detailed  determination  of the  hydrologic 
behavior of the rivers is needed prior to the final determination of the available water source 
for recharge. 
The Centeno river shows the least discharge among the three rivers considered adequate as 
sources  of  water for recharge.   According to the  gauging record, the  minimum  discharge 
occurs in April (percentile 10 of 4 l/s). The discharge measured in the month of April (end of 
the dry season) is lower than the capacity of the DWTP (6 l/s, see 3.2.4). The median discharge 
(P50 in Fig. 3.3-2) is above 15 l/s between the months of June and December. The difference 
between percentiles 50 and 10 is above 7 l/s between these months. The discharge available 
in this river is  not  sufficient to  meet the  daily  maximum  demand for the region, but it 
represents a recharge opportunity for the Pital-Centeno WSS and for a pilot MAR project in 
the Coyolar-Barranca wels, as the Pital-Centeno WSS distribution pipelines and the wels are 
only a few meters away from each other (see detail box 2 in Fig. 3.2-6). 
The waters from Machuca River are been currently treated to drinking water standards by the 
AyA to supply water to the San Mateo WSS. The maximum instaled capacity of this DWTP 
is 15 l/s.  The  minimum  discharge measured  upstream the intake  happens in  April.   The 
percentile 10 is 38 l/s  and the  difference  between the  percentiles  50  and  10 for the  same 
month is 34 l/s (see Fig. 3.3-3). As 15 l/s are being currently treated, the available water for 
April is around 20 l/s. The discharge upstream the intake increases when the rainy season is 
stablished (between June and January), being the minimum difference between percentile 50 
and 10 above 80 l/s for eight months. In the peak of the rainy season, from June to November, 
the discharge increases. Between these months available water resources is above 350 l/s. 
The  Jesús  María is the  only river  among the  considered  adequate  sources  of  water for 
recharge which  waters  are not  currently treated.  However, it is the  alternative  with  more 
water available.  Same as the other rivers, the minimum discharge was measured in April, 
being the percentile 10 close to 80 l/s (see Fig. 3.3-4).  The difference between percentiles 
50 and 10 in April is 13 l/s. From May until January this difference increases above 125 l/s. In 
the peak of the rainy season (June to November), the difference between these percentiles 
is  above 800 l/s.  Table 3.3-1 summarizes the results for the three  considered  adequate 
sources of water for recharge. 
Based on the gauging record, the rivers are adequate sources of water for recharge from the 
quantitative  point  of  view.   However, theses recharge  sources  only  present  enough  water 
resources in certain months of the year (see Table 3.3-1). From the qualitative point of view, 
two of the rivers are currently being used for drinking water supply and the third one requires 
quality and treatability studies before any further consideration.  To the best of the author’s 
knowledge, the  only  hydrologic  study in the  Jesús  María Watershed is the  monthly  water 
balance  assessment  at three  different  points  of the  Machuca River  performed  by  Bonila 
(2014). A more elaborate hydrologic analysis in al three rivers is also required if a MAR project 
is to be applied. 
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Table 3.3-1 Summary  of the Available Water  Resources in the Centeno,  Machuca, and  Jesús 
María Rivers 
Parameter 
Centeno Machuca Jesús María 
Minimum flow (l/s) * 4 38 80 
Minimum available 
water resources (l/s) ** 
1 34 13 
Average available water 
resources** 
> 7 l/s for 7 months 
(Jun-Dec) 
> 50 l/s for 9 months 
(May-Jan) 
> 125 l/s for 9 months 
(May-Jan) 
Maximum available 
water resources** 
> 15 l/s for 5 months 
(Jul-Nov) 
> 350 l/s for 5 months 
(Jul-Nov) 
> 800 l/s for 6 months 
(Jun-Nov) 
Instaled capacity (l/s) 6 15 0 
Minimum yearly 
available water for 
recharge (l/s)*** 
-5 19 13 
Monthly available water 
for recharge during 
rainy season and 
duration*** 
> 1 l/s for 7 months > 35 l/s for 9 months > 125 l/s for 9 months 
Monthly available water 
for recharge at the peak 
of the rainy season and 
duration*** 
> 9 l/s for 5 months > 335 l/s for 5 months > 800 l/s for 6 months 
*The minimum flow refers to the percentile 10 from the gauging record (April in al three cases). 
**The available water resources refer to the monthly difference between 50 and 10 percentiles. 
***The available water for recharge refers to the difference between the available water resources and 
the instaled capacity. 
3.3.3 Suitable Aquifers for Storage and Recovery 
To the best of the author’s knowledge, there is no previous study or characterization of the 
aquifer systems in the lower Machuca River, other than a diagnostic to elaborate the master 
plan for the Orotina Municipality (ProDUS, 2007) and the master thesis by Bonila (2014). The 
first has  a  chapter  on  geology,  geomorphology, and hydrogeology  on the left bank  of the 
Machuca River and the last investigated the potential recharge in the Machuca River basin. 
Denyer et al. (2003) did a detailed characterization of the regional geology framework, which 
is a base for both studies. 
In  order to  determine the  aquifer  suitability to  store  and recover recharge  water,  a 
characterization is  done  based  on the  country’s  wels driling sheets  managed  by  SENARA 
(SENARA,  2014) and on  operational  data from the  AyA’s  wels (AyA,  2014).   Besides the 
lithological  description, the  SENARA driling sheets include information  on the water level 
variation during driling, results from the pump test and chemical characterization of the water. 
Not al the reports include al the information mentioned above.  This information has been 
compiled in a data base for an easy and quick interpretation of the data. A short review of the 
previous works is given before the analysis of the wel driling data base. 
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Previous Aquifer System Characterization 
The  geology,  geomorphology  and  hydrogeology  of  Machuca River under the  Orotina 
municipality (left  bank)  was  characterized for the  master  plan  by  ProDUS (2007).   This 
complementary work for the master plan of Orotina covers only parts of the Machuca River, 
lacking a holistic view of the entire basin.  Nevertheless, the main conclusions of this work 
are: 
1. The  medium in  which the  groundwater flows is  quite  complex,  making it almost 
impossible to clearly define the location of the production strata. 
2. The different production strata interact with each other as they are connected by layers 
with relatively low or high transmissivities, or even a fractured system. 
3. There  are four  production levels (aquifers, Ks = 1.6x10
-4 m/s) interbedded  with four 
semi confining layers (aquitards, Ks = 4.4x10
-6 m/s). 
4. The upper aquitard is clay soil and the aquifers are characterized as fractured media. 
5. The average potential groundwater recharge in the municipality area is 550 mm per 
year. 
Neither a definition of the materials that compose these aquifers and aquitards layers, nor the 
calculation methods for the saturated hydraulic conductivities (Ks) are provided.  In the work 
by Bonila (2014) the potential recharge of the basin was determined based on stream gauging, 
chemical characterization of the superficial and groundwater and the water balance according 
to the modified Thornthwaite-Mather method. The main conclusions of this work are: 
1. The  average  potential groundwater recharge  on the  Machuca River basin is  around 
1000 mm per year. 
2. The Machuca and Surubres rivers are effluent rivers, the aquifer system recharges the 
stream on al its length to the sea. 
3. The Jesús María is an influent river in its middle reach, the river recharges the aquifer 
systems. 
4. The chemical characterization of the superficial water confirms the second and third 
conclusion. 
Static Levels and Piezometric Map 
The static levels are obtained from the data base of the SENARA driling sheets (SENARA, 
2014). The reported static levels correspond to the levels encountered during the driling. It 
depends  on the reached  strata  as  wel  as the time  of the  driling (both  year  and  season). 
Nevertheless,  a regional flow regime  can  be  determined,  as  wel  as  different groundwater 
levels. In general terms, there is a presence of perched or lenticular aquifers in the first clay 
layer,  and regional  aquifers  underneath.  Fig.  3.3-5 presents the local  aquifers  within the 
Machuca River basin with the location of the wels and springs. 
The upper part of the Machuca River is dominated by springs and the middle part by wels. 
The springs are mostly located in the lavas that outcrop in the upper part of the Machuca basin 
(Aguacate Group, see 3.2.1) and the wels in the lahar and tuff formations. The piezometric 
surface is created with the up-most water table identified during the driling and the location 
of the  springs  which is  where the terrain intercepts the  aquifer  system.   The  blank  areas 
coincide with the river canyons. In these areas, the identified aquifer systems are interrupted 
by the topography. The blank regions do not limit the presence of a deeper aquifer systems 
that have not been reached by the driling logs. 
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Fig. 3.3-5 Piezometric Level Map of the Aquifer Systems in the Machuca River 
To ease the interpretation of the driling logs, the wels wil be grouped according to areas with 
a continuous water level, considered as the top water level. These areas wil be referred to 
as locations from here on.  From Fig. 3.3-5 eight locations can be recognized based on the 
piezometric level in the lahar and tuff formations. To clearly determine the link between these 
wels and characterize the aquifer system, an elaborated study is required, including a detailed 
analysis of the driling logs, actual levels and discharges, physicochemical characterization of 
the water among others.  Such a detailed study is out of the reach for the present analysis. 
The locations with similar piezometric levels are, from north to south: Esparza, San Rafael, 
Jesús María, Higuito, Orotina, Coyolar, Guacimo, and Guachipelín.  Esparza, San Rafael and 
Guachipelín locations are outside the Machuca River basin and the Jesús María and Higuito 
locations are sited on the right bank of the Machuca River. 
It is possible that a regional aquifer system is below the hydrographic network in the middle 
part of the basin, however, only a few wels have reached a depth beyond 100 meters (in the 
Orotina location). There is not enough information to characterize this system. Based on the 
available information, the  analysis  wil focus  on the locations along the left  bank  of the 
Machuca River, these are: Orotina, Coyolar and Guacimo. These locations are also within the 
area where the urban expansion is expected. 
No level data 
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Pumping Tests Reinterpretation 
Pumping test are one of the most effective ways to determine the hydraulic characteristics of 
geological formations (Kruseman and de Ridder, 1990).  There are several analytical models 
that  help to  estimate the  hydraulic  parameters  of  an  aquifer from the  data  obtained in the 
pumping test.  Pumping test interpretation is based on the selection of an analytical model 
that  best represents the  aquifer (ibid.).   As these  characteristics  are  normaly not known 
previous to the  pumping test, the interpretation  of the results is  highly  dependent  on the 
chosen model (ibid.). For detailed instructions on the pump test the reader is referred to the 
work of Kruseman and de Ridder (1990). 
The driling logs of the wels with a pumping test included either: the results of the pumping 
tests, the graphical interpretation or the data with the measured levels during the pumping 
test. The last two represent the least part of the database, 4 % and 18 % respectively. Since 
the wels operated by AyA did not provide the estimated production of water (see 3.3.1), a 
reinterpretation of the pump test was carried out to determine the hydraulic parameters of 
the aquifer systems. The reinterpretation was carried out to al available wels with data (both 
the AyA and the SENARA wels, see Appendix B).The wels for which the pump tests were 
reinterpreted are shown in Fig. 3.3-6 with the originally calculated transmissivity ranges. 
 
Fig. 3.3-6 Reinterpreted Pump Tests and Transmissivity (T) in the Machuca River Basin 
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Only the  wels  with  pump test  data (dark  green  dots in Fig.  3.3-6)  and the  wels  with the 
graphical interpretation of the pump test (light green dots in Fig. 3.3-6) were reinterpreted. 
The wels where only the results from the pump test are reported, without data or graphical 
interpretation,  are  shown in  orange  dots in Fig.  3.3-6.  A  synthesis  of the reinterpretation 
analysis is given in Appendix C.   Due to the smal amount of available information, al the 
locations within the Machuca River were analyzed (Jesús María, Higuito, Orotina, Coyolar, and 
Guacimo). The Coyolar location is the one with most wels with pumping test data available, 
while the Jesús María location only had one wel available with information. Nevertheless, al 
locations  were  analyzed  with the  objective  of finding  a  correlation  between the  aquifer 
materials. 
Wels that reached a positive barrier during the pumping test wil be disregarded as they show 
a hydraulic connection with other water bodies (aquifers or superficial sources – see Appendix 
B and Appendix C).  If the respective aquifer is used for recharging, there is a high chance 
that the recharged water  exits the  system to this  water  body.  The  Jesús  María (BC-170), 
Higuito (BC-701,  BC-924  and  BC-946), and  Guacimo (BC-676  and  BC-685) locations  show 
connections with a positive barrier.  In the Jesús María location the tuff is the only aquifer 
material detected and it is found between 176 and 144 masl. The depth of this material could 
be higher – the bottom of the perforation is at 144 masl. Based on the reinterpretation of the 
pump test,  a  saturated  hydraulic  conductivity (Ks)  of  5x10
-7 m/s is  calculated for this tuff 
material. No lava materials were found in this location. 
Lava materials are found between 194 and 142 masl in the Higuito location; none of the wels 
reached other layers beneath this material (deepest wel until 132 masl). The wel BC-701 did 
not reach the lava materials at al. This wel got to a depth of 164 masl and it is the one further 
north. Of the two wels that reached the lavas and where it was possible to reinterpret the 
pump test, one encountered a good fracture network (Ks = 2.1x10
-5 m/s) and the other did not 
(Ks = 3.2x10
-7 m/s). Thre of the five wels encountered a positive barrier and only in one of 
the cases it was possible to reinterpret the pumping test. 
The  geology is  more  complex in the  Orotina location.   This is  closer to the  actual  Tarcoles 
River, which plays an important role (in the past and the present), as former aluvial plains have 
been raised and buried in the past.  This is the case of wel BC-652, which has a 64-meter-
deep aluvial layer between clay materials in the bottom and tuff in the surface. In general, no 
two wels in this location have a similar stratigraphy. Two wels are placed in a terrace above 
200 masl (BC-149  and  BC-207)  while two  others are  close to the  Machuca River.  In the 
terrace, the lava  material is found  around  210-180  masl,  while  close to the  Machuca this 
material is close to 125 masl. 
The lava material in the terrace show the highest transmissivity (T = 450 m2/d) of al wels, 
with a saturated depth of 6 meters, the Ks value for this material is 8.7x10
-4 m/s. It is possible 
that more than two aquifer systems are within this location. The deeper lava material close 
the Machuca is at 54 masl, 50 meters below the actual river level (wel BC-204). This is the 
only wel that reaches below the hydrographic systems close to it. Two lava materials were 
identified in this wel, interrupted by a 56-meter tuff material. During the driling the water in 
the superficial aquifer (lahar material, water level at 230 masl) escaped into the lava material 
when it was first reached at 182 masl. At 163 masl the water appeared again and raised. At 
145 masl the water raised to a final level of 172 masl. 
In the Coyolar location three wels captured the tuff materials; two of them are closer to the 
Orotina (BC-162) and Guacimo (BC-252) locations.  The last was reinterpreted, but the wel 
screen captures both the tuff and shale materials, thus, the Ks value (6.6x10
-6 m/s) is for the 
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combination of both materials. There is not enough information to reinterpret the other two 
wels (BC-111 and BC-162).  Three other wels capture aluvium material at depths between 
150 and 110  masl.   These  aluvium  materials  show  a relatively high  saturated  hydraulic 
conductivity (1x10-4 m/s), yet one of them reached a positive barrier.  Finaly, in this location 
only one wel reached the lava material (04-36), which also shows a relative high saturated 
hydraulic conductivity (2x10-5 m/s).  Wel 04-35 has no lithology, thus it is not possible to do 
any interpretation. Nevertheless, this wel has a relatively good transmissivity (100 m2/d). 
The two wels in the Guacimo location captured an unconfined aquifer in a gravel material. It 
is  not  possible to reinterpret the  pumping test,  but the  presence  of  a recharge  source is 
evident in the graphic results from the pumping tests. These wels are in the Cuarros River 
basin. A summary with the main characteristic of the aquifer materials found in the studied 
locations is given in Table 3.3-2. 
Table 3.3-2 Summary of the Aquifer Materials in the Reviewed Locations 
Aquifer material 
Aquifer type Aquifer depth (masl) Saturated hydraulic 
conductivity, Ks (m/s) 
Tuff Unconfined 210-140? 5x10-7 
Highly fractured lava Confined 190-130? 2x10-5 
Low fractured lava Confined 180-140? 3x10-7 
Aluvium Confined and 
unconfined 
150-110 1x10-4 
? = the elevation refers to the end of the driling, the material could extend deeper. 
Based  on the transmissivity,  calculated  hydraulic  conductivity (when  possible)  and the 
occurrence  of recharge  sources, the fractured lava  materials in the  Orotina  and  Coyolar 
locations have the  highest  potential for  a  MAR  project.   Also, the  aluvium  material in the 
Coyolar location has a good  potential for  MAR  project, but, the  hydraulic connection  with 
recharge source should be better studied, particularly for wel BC-550. The lava materials in 
the Higuito location show a good transmissivity, but have a connection with a recharge source, 
most likely the Machuca River.  The river shows a deviation from its course.  This deviation 
may correspond to  a fault  system, and thus  could  explain the recharge  source  and  high 
transmissivity of the fractured network. 
3.3.4 Sufficient Land to Harvest and Treat Water 
This critical step refers to the area needed to treat and recharge the source water, it is specialy 
needed for  spreading  methods MAR type (Dilon et  al.,  2009;  Government  of India,  2007; 
NRMMC-EPHC-AHMC, 2009). Wel, shaft and borehole MAR types require much less area. 
The area surrounding the intakes (grey points in Fig. 3.3-7) of al rivers is mainly rural (tree 
cover and cropland), which makes the land quite accessible.  Two of the analyzed rivers as 
sources of recharge already have an operating DWTP, which facilitates the selection of the 
site to treat the source water. 
If some spreading methods MAR type are selected, the AyA has enough land available (around 
one hectare) in the Enricon wels field.  If ASR is selected, MAR could be integrated on the 
land where al the AyA production wels are located as it is owned by AyA. If other sites are 
selected, then it is necessary to acquire the land, for example if MAR is going to be applied in 
the Orotina location. 
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Fig. 3.3-7 Land cover at the Machuca River Basin (modified from Woodcock et al., 2008) 
3.3.5 Capability to Effectively Manage a Project 
The AyA is the institution that directly manages half of the drinking water supply systems in 
the country. It has the legal obligation to supervise al the design, construction and operation 
of al other drinking water supply systems in Costa Rica (AL, 1961). Within the organization, 
the Environmental, Research and Development Management has a team of civil engineers, 
geologists, and other professionals potentialy capable of developing a MAR project in Costa 
Rica. For this, the AyA staff has to be specificaly trained for it. 
3.3.6 Decision based on the five critical elements 
Al five  critical  elements  have  been  verified for the  Machuca  River  basin.   Based  on the 
colected and analyzed information, there is enough demand for the recharged water, as wel 
as adequate sources of water and suitable aquifers.  There is also sufficient land to capture 
and harvest the recharge water as wel as capability to design, construct and operate a MAR 
project in the Machuca River basin. 
Detailed investigation  should  emphasis in  characterizing the  available recharge  sources 
(quantitative and qualitative) as wel as the target aquifer system. Also, the AyA’s personnel 
should be trained in the specificities of MAR. 
3.4 MAR Techniques to Be Applied 
Based  on the  Australian guidelines the  assessment  of the left lower Machuca River bank 
aquifer system should proceed into the next stage (see 3.3).  An extract of the Costa Rica 
suitability map for spreading methods for the Machuca River is presented in Fig. 3.4-1. The 
suitability map takes only physiographic criteria into consideration, it is intended to be used as 
a first approach to distinguish the areas that offer the best physical conditions for applying the 
spreading method MAR techniques. This map is based on information at a country level, thus, 
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the detail and resolution are not the optimal for selecting the final site to construct a MAR 
scheme. 
 
Fig. 3.4-1 Suitable Areas for Spreading Methods in the Machuca River Basin. Extract from Bonila 
et al. (2016) 
Suitable  areas for  spreading  methods  can  be recognized close to the  Jesús  María  and 
Machuca river mouths. Most of the Machuca River basin is ranked with a suitability of less 
than 0.6 (yelow areas in Fig. 3.4-1) particularly in the middle terraces, where almost al the 
wels analyzed are located. This corresponds to a low suitability for a spreading method MAR 
project. This result was expected as most of the wel driling logs present a top layer of clay 
material,  which  makes infiltration  methods  unsuitable.  This  clay layer  corresponds to the 
aquitard identified by ProDUS (2007).  The upper part of the basin is also represented by a 
lower suitability rank, which is mostly attributed to the slope (red areas in Fig. 3.4-1). 
Due to the high elevation difference between the aluvial plains near the river and the terraces 
where the  urban  development is  expected, both induced  bank filtration  and in-channel 
modification MAR techniques are not the best choice for supplying the required demand. In-
channel modification might be a suitable alternative if the hydraulic connection between the 
wels and the water bodies recognized as positive barriers during the pumping tests could be 
accurately located.   The identification  of these recharge  areas is  beyond the reach  of this 
analysis,  nevertheless, the  Jesús  María location  could  be fed  by the  hydraulic connection 
hypothesized by Bonila (2014).  However, specific studies are needed to conclude that this 
wel is fed by the aquifer systems, which may be recharged by the Jesús María River and 
discharges into the Machuca. 
Direct injection is the best alternative for recharging the aquifer system in the left bank of the 
Machuca River basin. According to Pyne (2005) aquifer storage and recovery (ASR) is the best 
choice for direct injection, as it utilizes the same wel for both recharge and recovery of the 
injected  water.  A  detailed  aquifer  characterization,  as  wel  as the recharge  volume  and 
characterization of the quality of the recharge source and body to be recharged is required 
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(ibid.).  The  study  area  should focus in the  Orotina  and  Coyolar locations (terrace between 
wels 04-35 and BC-149). The target aquifer should be the fractured lavas in the Orotina and 
Coyolar location or the aluvium lenses in the Coyolar location.  As ASR is the chosen MAR 
technique to be applied in the Machuca River basin, the wel design parameters are revised in 
the next chapter. 
3.5 Outlook 
The assessment of a potential MAR project in the Machuca River basin fulfiled al the five 
critical elements of the first stage of the feasibility methodology proposed by the Australian 
MAR  guidelines (NRMMC-EPHC-AHMC,  2009).  The  next  stage in the  Australian  MAR 
guideline implies  a  detailed investigation, folowed  by  a  pilot  and the  commissioning  and 
operation.  Similar to the Australian MAR guideline, Pyne (2005) recommends a three stage 
approach for the implementation of an ASR MAR project. The first stage comprises a detailed 
characterization  of the recharged  aquifer  and recharge  source from the  quantitative and 
qualitative point of view, as wel as the determination of the recharge volumes.  The more 
effort and resources are invested in these first phases, the more reduced the overal risk of 
failure is going to be (Pyne, 2005). 
Therefore,  prior to the implementation  of the  pilot  project a thorough characterization is 
needed.   The information included in this  chapter can  be complementary to field 
investigations, which  should include but are not limited to stratigraphy,  structural  geology, 
geophysical and geochemical research, actual levels and quality measurements in al aquifers 
and rivers, as wel as legal aspects and water rights. 
The next stage after the detailed hydrogeologic characterization of the recharged aquifer and 
the source of recharge requires the construction of a pilot project. For this, the Enricon wel 
field from the Coyolar-Barranca WSS is considered as the best alternative based on the facts 
that the  water  source for recharge is  already treated (by the  Pital-Centeno  WSS)  and the 
distribution is close to the wel field. Once the pilot project is successfuly implemented and 
it is deemed reasonable to proceed with the implementation of a ful-scale MAR project, the 
folowing aspects should be considered: 
- The Jesús María River wil require the construction of new infrastructure to treat the 
raw water to drinking water standards. 
- The actual DWTP from the Centeno and Machuca rivers should be modified to increase 
its production. 
- Al three water sources for recharge should be studied from the qualitative point of 
view, both in the dry and rainy season. 
- A hydrologic analysis is required to determine the precise available water resources in 
al three rivers, as wel as to quantify the minimum flow to be left in the river. 
Furthermore, three different WSS operators with systems so close together require a solution 
that is holistic and sustainable. The assessment of this situation is beyond the reach of this 
analysis which aims to determine if there is enough demand to proceed with implementing a 
MAR project. If the integration of the WSS operated by distinct entities is not possible due to 
administrative regulations of Costa Rica; MAR could also be considered as a solution for each 
individual WSS. 
Bonila (2014) identified the section of the Jesús María River upstream route 131 as an influent 
stream.  In this section, the groundwater flows to the south, into the Machuca River.  This 
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section of the river is to the north of the aquifer system. It is worthy to look at this behavior 
in more  detail.  If the  Jesús  María River feeds this  aquifer system, it represents  a good 
opportunity for other MAR techniques (in-channel modification).  The Machuca River to the 
east  of the  Higuito location  and  north  of the  Orotina location  also indicates  a hydraulic 
connection to the aquifer system. 
3.6 Summary 
The results in this chapter indicate that it is feasible to implement a MAR project at a regional 
level in Costa Rica based on the first stage assessment of the Australian MAR Guideline. The 
analysis performed in this  chapter permitted to  evaluate the  suitability  of  MAR techniques 
under  Costa  Rica’s  environmental  conditions  on  a regional scale.  The  main results  are 
outlined. 
- The Australian MAR Guidelines prove to be suitable to assess the first stage of the 
feasibility for  a  MAR  project in  Costa  Rica.  The five  critical  elements offer  a  quick 
checklist to carry out a general overview of the proposed MAR project. 
- Based on the basic assessment done, the best MAR technique to be applied is ASR. 
The  aquifers that  are  being  currently  used  by the  Coyolar-Barranca  WSS have the 
highest potential to hold a MAR project. 
- The other MAR techniques are not considered for implementation, based on: the top 
soil layer (clay  materials)  makes  any  spreading  method non-feasible, the  aluvium 
materials next to the rivers are at significant distance, and elevation differences would 
force the induced  bank filtration MAR  project to incur in  high  pumping  costs.  In-
channel modification can be a suitable alternative once the aquifer-river connections 
are identified and characterized. 
- There is  demand (current and future) for recovered  water.   Two  out  of five  WSS 
currently do not meet the maximum daily demand, and one can no longer accept new 
clients, as this  wil  compromise the  supply to its  current  clients.   This  demand is 
expected to grow with the urban expansion due to the recently-built highway. 
- The actual deficit for al five WSS is of 30 l/s. The demand is expected to reach 275 l/s 
with the current consumption by 2040 (195 l/s if the UFW is reduced). With the actual 
production capacity, the deficit wil be around 180 l/s with the current consumption 
(100 l/s if the UFW is reduced). 
- Two  of the three  analyzed sources of  water for recharge are  adequate from  a 
quantitative point of view. The Machuca River has more than 35 l/s for nine months 
of the year (and more than 355 l/s during five of them).  This river is currently being 
used to supply one of the WSS, thus, it is also a good source for recharge from the 
qualitative point of view. The Jesús María has four times more water for 9 months of 
the year (more than 125 l/s), and more than 800 l/s during six of them. 
- From a qualitative point of view, the characterization of both the sources of recharge 
and the target aquifer is required. A physicochemical characterization of major ions, 
hydrogen potential (pH), and electrical conductivity (EC) is needed. 
- Eight locations were determined based on the piezometric level of the first detected 
aquifer level – the lahar formation in most cases.  Five of these eight locations were 
analyzed to determine the presence of a suitable aquifer system to store and recover 
the water. 
- Two  of the five analyzed locations  present  a  suitable  aquifer system to  store  and 
recover the water. The fractured lavas in the Orotina and Coyolar location, as wel as 
the aluvium in the Coyolar location, present the best hydraulic characteristic (higher 
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saturated hydraulic conductivity and no evidence of a connection to a positive barrier 
during the pumping test). 
- Materials in  adjacent locations  can  be part  of the  same  aquifer  systems, e.g., the 
factured lavas in Orotina and Coyolar locations. With the available information it is not 
possible to determine if these materials belong to a single or distinct aquifers.  It is 
necessary to conduct  specific  hydrogeologic  campaigns to  determine if these 
materials constitute a single aquifer system. 
- Most  of the  San  Mateo  and  Orotina  districts  are  classified  as rural  areas.   There is 
sufficient land to harvest and treat water. The proposed MAR technique is ASR, which 
is the least land-demanding technique among said techniques.  Two of the recharge 
sources already have a DWTP; any additional extraction from these rivers wil require 
the expansion of the water works, but land is not an issue in the area. 
- Among the distinct operators, the AyA is the one with the most capacity to run a MAR 
project.  The other operators might not have the required human resources, but the 
academia in  Costa  Rica is  also  at  a level to provide training for staff to acquire the 
competence to effectively manage a MAR project as wel. 
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4. MAR Experiments: Injection Wels 
Based on the findings of the previous chapter a MAR project is feasible in the aquifer system 
in the  Coyolar  and  Orotina locations situated  at the lower left  of the  Machuca River, (see 
section 3.4). The MAR technique to be applied in this area is direct recharge into the aquifer 
system by means of injections wels.  Surprisingly, there is no detailed investigation of the 
effect  of the  wel  open screen length  on the injection rate.  To the  best  of the  author 
knowledge, there is  no  design  guideline for the  configuration  of the  screen length for  an 
injection  wel.  In  order to better  understand this process, a laboratory  experiment  was 
performed in the Waste Management and Circular Economy Institute form the Technische 
Universität Dresden in Pirna. 
A short summary of flow into wels, wel hydraulics (with emphasis in partial penetration) and 
the criteria for wel screen design is given in section 4.1.Error! Reference source not found. 
An appraisal of physical and numerical models for assessing flow to a wel is presented in 
section 4.2. The details of the experimental configuration and setup are given in section 4.3, 
as wel as the numerical model setup (4.4). The experimental results are discussed in section 
4.5, folowed be the practical applications (4.6) and the summary (4.7Error! Reference source 
not found.). One master thesis (Kalwa, 2015) was developed as part of this chapter (section 
4.3). 
4.1 Background 
Flow in a porous medium is a physical process responding to a potential gradient (Harlan et 
al., 1989).  It is defined as the movement that can be measured at every point in a system 
from larger to  smaler  values regardless  of the spatial direction (ibid.).  Water  potential is 
affected  by hydraulic  pressure,  osmotic  potential,  capilary  potential  and temperature 
differences (Raudkivi  and  Calander,  1976).  Eq.  4.1 presents the  basic linear relationship 
between the flow through  a  defined  cross-section  area  under  an  hydraulic  gradient,  also 
known  as  Darcy’s law (Darcy,  1856 in Bear,  1979;  Harlan et  al.,  1989;  Houben,  2015a; 
Kruseman and de Ridder, 1990; Raudkivi and Calander, 1976). The hydraulic gradient (i) is a 
gradient vector between pressure head (h) of two points and the distance (L) among them. 
  ! =
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= %&∙ + (eq. 4.1) 
where 
v Darcy velocity or specific discharge [L/T]; 
Q volume rate of flow [L3/T]; 
A cross-sectional area perpendicular to flow direction [L2]; 
Ks saturated hydraulic conductivity [L/T]; 
dh/dL infinitesimal change of h with respect to L [-]; 
h hydraulic head [L]; 
L distance between two points [-]; 
i hydraulic gradient [-]. 
 
Darcýs law is valid under laminar conditions. Laminar flow, also referred to as Darcy flow, is 
a function of pore size and hydraulic gradient (Raudkivi and Calander, 1976). Other two flow 
regimes known are: non-linear laminar flow or Forchheimer flow and turbulent regime (post-
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Forchheimer or Darcy-Weisbach flow) (Houben, 2015a).  Flow through a porous medium is 
usualy laminar (Houben, 2015a; Linsley et al., 1975). The flow regimes can be defined by the 
Reynolds number, which is the dimensionless relation of inertial and viscous forces (Houben, 
2015a). There is no discrete value of the Reynolds number for the separation of flow regimes. 
Rather than a single value, a range of values is used in literature, because it has been shown 
that the regime  distinction  and the  Reynolds  number depend on the  experimental  setup 
(Houben, 2015a). 
Another classification of flow in porous media is based on the flow condition: steady-state and 
transient flow.  This is the  main  classification  used in the interpretation  of  pumping tests, 
folowed by the aquifer type. The folowing discussion wil focus on partial penetration effects 
at steady state, due to the nature of the experiment. However, the theoretical bases for other 
types of flows in  a  saturated  porous medium are  also included.  The folowing  section 
describes flow towards a wel, even though the objective of this work is to understand the 
hydraulic process of flow from wels. Stil, the physical process for flow from the wel to the 
aquifer is essentialy the same (Bear, 1979). Two differences should be observed: 
1. The term used for flow extraction is discharge (Q) in contrast to recharge. Also, in the 
equations given in section 4.1.2 a negative sign should be included when dealing with 
flow from the wel; 
2. In flow to a wel a cone of depression is formed, and the term used to describe the 
difference between the static and dynamic piezometric level is caled drawdown.  In 
the recharge process, a recharge mound is formed and the change in the piezometric 
level is refered to as buildup. 
4.1.1 Hypothesis 
The main hypothesis of this chapter is that the wel open screen length has an effect on the 
injection rate of water into an aquifer system.  To test this hypothesis, a three-dimensional 
physical model was setup, to evaluated this effect under controled laboratory conditions and 
to generate general guidelines for the configuration of injection wels  
4.1.2 Flow to Wels 
Flow in an aquifer is determined by the aquifer type (confined, leaky, unconfined), the wel 
configuration (welbore storage, penetration and diameter) and the flow condition (steady or 
unsteady state) (Bear,  1979;  Houben,  2015a;  Kruseman  and  de  Ridder,  1990;  Raudkivi  and 
Calander, 1976). The simplest expression that describes the flow towards a wel was derived 
from Darcy’s equation by Dupuit (1863, in Kruseman and de Ridder, 1990) for an unconfined 
aquifer  and Theim (1906, in Kruseman  and  de  Ridder,  1990) for  a  confined  aquifer.   Both 
approaches can be integrated from the same differential equation (eq. 4.2), which represents 
Darcy’s law for radial flow. A graphical representation of flow to a wel in a confined aquifer 
is  presented in Fig.  4.1-1.  As previously stated, flow to and from the wel is basicaly the 
same. 
 # = 2 ∙ - ∙ . ∙ /%&
'(
'0
= 2 ∙ - ∙ . ∙ /∙ %&∙ + (eq. 4.2) 
where 
p mathematical constant [-]; 
r radial distance to the h measurement [L]; 
b aquifer thickness [L]; 
dh/dr infinitesimal change of h with respect to r [-]. 
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Fig. 4.1-1 Radial Flow to a Wel in a) Unconfined Aquifer and b) Confined Aquifer. (modified from 
Bear, 1979) 
Thiem’s equation describes the steady state flow towards a wel (based on the integration of 
eq. 4.2) for  a  confined aquifer with  a  constant thickness (aquifer  between two  paralel 
aquicludes) and as long as the piezometric level doesńt reach the top aquiclude, e.g. there is 
no dewatering. Thiem’s expression for a confined aquifer also has the folowing conditions: 
a) steady state flow (constant pump discharge from the wel and constant horizontal flow); b) 
fuly penetrating wel, c) homogenous, isotropic, infinite, and uniform thickness aquifer, and 
d) horizontal piezometric surface prior to pumping.  The flow conditions defined in Thiem’s 
equation resemble those of a circular island confined aquifer, this is why this model is also 
referred  as Thiem’s island  aquifer conceptual model in literature (Driscol,  1987;  Houben, 
2015a).  After rearrangement  and integration  of eq. 4.2 the  Thiem  expression is  obtained 
(eq. 4.3): 
 ℎ2− ℎ4= 54− 52=
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 (eq. 4.3) 
where 
hi hydraulic head at point i [L]; 
si drawdown at point i [L]; 
ri radial distance to the hi or si measurement [L]; 
 
For an unconfined aquifer at steady state, flow through the aquifer is not horizontal throughout 
al the aquifer and the saturated thickness is not uniform. When integrating eq. 4.2, the aquifer 
thickness is no longer a constant, but a variable (h). Nevertheless, Dupuit derived an equation 
for unconfined aquifers under certain assumptions, which are among others, that equipotential 
surfaces  are  vertical, and the flow is  essentialy  horizontal (see Fig.  4.1-2).   As the flow 
approaches the wel, the vertical flow component increases, and Dupuit assumptions are no 
longer valid. Dupuit’s equation (Eq. 4.4) describes the flow to a wel in an unconfined aquifer. 
It is  valid for  a  distance from the  wel  higher than  1.5 times the initial  saturated aquifer 
thickness according to Bear (1979). 
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Fig.  4.1-2 Radial Flow to  a Wel in  an Unconfined Aquifer:  a) Real  Flow  Conditions  b)  Dupuit 
Assumptions. (modified from Bear, 1979) 
Both equations (eq. 4.3 and eq. 4.4) can be applied at any two points as long as the mentioned 
conditions are met. Eq. 4.3 is shown both as hydraulic pressure head (h) as wel as drawdown 
(s). The total potential pressure head (h) is relative to the chosen reference position. As the 
analysis is done on the relative change of the potential energy, the reference position does 
not matter in confined aquifers (Radcliffe and Šimunek, 2010). From a practical point of view, 
drawdown (or  buildup in recharge  wels) is  easier to  measure  and report for  a  wel than  a 
pressure head. It is usualy referenced to the ground level. For this reason, both the potential 
head as wel as the drawdown are included in eq. 4.3. 
For unsteady state flow near a wel in a confined aquifer the most commonly used approach 
is known as the Theis or unsteady-state equation (Bear, 1979; Kruseman and de Ridder, 1990). 
Theis (1938, in Kruseman and de Ridder, 1990) uses an analogy between flow in a porous 
medium and the heat transfer (conduction of heat from single line source in a metal plate) – 
and was the first to introduce time and storability in an equation to describe flow towards a 
wel (Harlan et  al.,  1989;  Houben,  2015a;  Kruseman  and  de  Ridder,  1990;  Raudkivi  and 
Calander, 1976). Theis’s equation is formulated under certain assumptions, which are (after 
Kruseman and de Ridder, 1990): 
1. Confined aquifer; 
2. infinite areal extent of aquifer; 
3. homogenous, isotropic, and uniform thickness aquifer; 
4. horizontal piezometric surface prior to pumping; 
5. the pumping is at a constant discharge; 
6. fuly penetrating wel; 
7. unsteady state flow. 
According to Freeze and Cherry (1979) the Theis approach can also be applied to unconfined 
and leaky aquifers.  For the unconfined aquifers, the Theis method can be applied after the 
time when distortion induced by the dewatering is neglected. In the case of leaky aquifers, 
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the Theis method is valid after the period when the storage effects on the welbore (if present) 
and before the contribution of the leaky aquifer manifest themselves. There are many other 
conditions of unsteady flow to a wel in a porous medium (recharge or negative boundaries, 
sloping boundaries, partial penetration, and welbore storage among others) not to mention 
flow to  a  wel in  a fractured medium.   Besides  partial  penetration, these topics  wil  not  be 
further discussed as they transcend the main focus of this work.  For more information on 
flow in a porous medium the reader is referred to Bear (1979), Houben (2015a) and Kruseman 
and de Ridder (1990).   The last work presents a  good  background to flow in a fractured 
medium. 
As  stated in eq. 4.3, there is  a  direct relationship  between  drawdown  and  discharge (and 
buildup and recharge, see 4.1) for a confined aquifer under idealized conditions (Driscol, 1987). 
This statement does  not  hold true for  an  unconfined  aquifer.  A theoretical comparison 
between the relative  discharge to the  maximum theoretical  discharge and the  drawdown 
relative to the maximum theoretical drawdown in an unconfined aquifer is given in Fig. 4.1-3 a. 
The  maximum theoretical  discharge (Qmax) is the  discharge that  could  be  achieved  with  a 
drawdown in the wel equal to the saturated aquifer thickness. This is, of course, not possible 
in an actual extraction wel. 
In theory, the same comparison can be made for a recharge wel in an unconfined aquifer. In 
this case, there is no limit to the amount of maximum achievable recharge (no upper limit for 
Fig. 4.1-3 b.), as long as the vadose zone is large enough to contain the idealized buildup. Fig. 
4.1-3 b presents the idealized case of recharge up to a relative buildup equal to the saturated 
aquifer thickness. For the recharge case (Fig. 4.1-3 b), the vertical axis refers to the recharge 
relative to the  maximum theoretical  discharge, i.e., both  vertical  axes are relative to the 
maximum theoretical discharge (Qmax) in Fig. 4.1-3 a and b. 
 
Fig. 4.1-3 Relationship of (a) Discharge and Drawdown and (b) Recharge and Drawdown Relative 
to the Maximum  Values in  an Unconfined  Aquifer  Under Idealized  Conditions (modified from 
Driscol, 1987) 
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In both cases, when there is no drawdown or build up the relative discharge or recharge is 
zero, i.e. under static conditions.  The maximum theoretical discharge is achieved when the 
drawdown equals the aquifer thickness (see Fig. 4.1-3 a). As noted by Driscol (1987), for an 
unconfined aquifer, with a relative drawdown of two thirds (0.67) of the aquifer thickness the 
relative discharge to the maximum flowrate is 0.9. After this point, any additional drawdown 
wil only contribute with the left 0.1 of relative discharge. For a buildup equal to the aquifer 
thickness a recharge rate of three times the maximum theoretical discharge could be achieved 
(see Fig. 4.1-3 b). A recharge equivalent to the maximum achievable theoretical discharge is 
met at a relative buildup of 0.42. 
4.1.3 Wel Hydraulics 
The term  wel  hydraulics is  defined  by  Houben (2015a) as the  “hydrodynamic  processes 
occurring in the  wel interior, the  screen, the  gravel  pack  and the  adjacent  aquifer”.  The 
equations described in the previous section refer to laminar flow through the porous medium, 
assuming the wel has an infinitesimal radius, i.e. a linear source or sink (Kruseman and de 
Ridder, 1990). Wel hydraulics are influenced by: the aquifer, wel geometry (screen, borehole 
diameter and length), wel penetration, seepage face (for unconfined aquifers), skin layer and 
the gravel pack (if present) (Houben, 2015a, 2015b). 
A common wel configuration and the associated wel head losses are presented in Fig. 4.1-4. 
According to  Houben (2015b) the  aquifer (Saq) is the  main  driver for  head losses in  wel 
hydraulics, folowed by welbore skin layer (Ssk), while head loses due to the gravel pack (Sgp), 
screen (Ssc) and wel interior (Sup) are rather smal.  Head losses in the aquifer under laminar 
conditions are described by eq. 4.3 for a confined aquifer and eq. 4.4 for an unconfined aquifer 
(see section 4.1.2). Based on these equations, for the same discharge and wel configuration, 
the  drawdown is  a function  of the  aquifer  saturated  hydraulic  conductivity (Ks) and  aquifer 
saturated thickness. 
 
Fig. 4.1-4 Head Losses Components. (modified from Houben, 2015b) 
The aquifer drawdown (Saq in Fig. 4.1-4) is in the order of meters to dekameters depending 
on the aquifer saturated hydraulic conductivity (Houben, 2015b). In his work, Houben (2015b) 
computes the head losses at a radius of 100 meters from the wel due to the aquifer saturated 
hydraulic conductivities. For this he uses Ks values in a range between 1x10
-5 to 1x10-2 m/s. 
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In this example, the head loss due to the aquifer saturated hydraulic conductivity for a 20-m 
thick confined aquifer discharging 1,800 m3/d is in the range of 1-100 meters at steady-state 
conditions. 
The  second  major  contributor to  head loss in the  wel is the  welbore  skin layer (Ssk),  also 
referred  as the filter  cake.   This is the result  of the  wel  driling,  where fine  material is 
accumulated  on the  welbore  wal (Houben,  2015b;  Wendling et  al.,  1997).   The  skin layer 
contributes to head losses not only due to its lower saturated hydraulic conductivity (lower 
than aquifer and gravel pack) but also because fine particles tend to accumulate in the front of 
the skin layer (Houben, 2015b). Proceeding with the example above, a 1 mm skin layer would 
produce  a  drawdown  between  1 to 35  m for saturated hydraulic  conductivities  of the  skin 
layer between 1x10-8 to 1x10-4 m/s. 
A gravel pack or filter pack is normaly instaled between the welbore hole and the wel screen 
(Houben, 2015b). According to Houben (2015b) the head losses due to the gravel pack (Sgp) 
are in the order of centimeters.  Using the flow  conditions of the above example: a 0.1 m 
gravel  pack  would produce  a  drawdown  between  0.001-0.75  m for  saturated  hydraulic 
conductivities of the gravel pack between 1x10-4 to 1x10-2 m/s. 
Drawdown due to the wel screen is relatively smal (Clark and Turner, 1983; Houben, 2015b). 
The head losses in the screen are related to the shape of the screen, the open area and the 
material roughness (Houben, 2015b). Houben (2015b) estimated the head losses to be under 
0.2 m for entrance velocities of up to 1.2 m/s. The other contributor to head losses is the flow 
inside the casing to the pump (wel interior head losses).  These can be estimated as head 
loss in a pipe, and depend on the material and the length between the intake and the pump. 
Houben (2015b) estimated the head losses in the wel interior (Sup) for a 0.3 m-wel casing 
with velocities up to 3 m/s. For this case, the head losses per meter of casing can be up to 
0.06 m. 
Partially Penetrating Wel 
Partial penetration refers to the cases when the wel screen length (Ls) is not capturing the 
whole saturated aquifer material (b)  – confined  or  unconfined (see Fig.  4.1-5).  One of the 
Dupuit assumptions for the flow towards the wel in an unconfined porous aquifer is that there 
are no vertical flow components towards the wel. As it has been stated, this assumption is 
also true for confined or leaky aquifers and for steady and unsteady flow conditions. Another 
consideration is that the  aquifer is  homogenous  and isotropic.  In reality,  aquifers  are  not 
isotropic – the vertical saturated hydraulic conductivity is usualy one order of magnitude lower 
than horizontal saturated hydraulic conductivity (Bear, 1979; Driscol, 1987; Kruseman and de 
Ridder, 1990). 
Fig.  4.1-5 presents  different  wel  configurations,  among them  a fuly  penetrating  wel in  a 
confined  aquifer (Fig.  4.1-5  a)  and  partialy  penetrating  wels  with the  screen located  at 
different sections of the saturated zone. In Fig. 4.1-5 the vertical distance between the center 
of the wel screen and the center of the aquifer thickness is denoted as zc. In al the cases, 
except the fuly penetrating wel, the flow lines approaching the wel converge to the screen 
wel, thus, having a vertical flow component. There is not only a vertical flow component in 
Fig. 4.1-5 b, c and d, but also the flow path is longer than a strictly horizontal flow path (Bear, 
1979; Houben, 2015a; Kruseman and de Ridder, 1990; Raudkivi and Calander, 1976). Longer 
paths and vertical flow lines (vertical Ks component) create a greater drawdown in a partialy 
penetrating wel than the drawdown expected for a fuly penetrating one. 
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Fig.  4.1-5 Flow Lines for Different  Wel Screen  Configurations in Confined Aquifers.  a) Fuly 
Penetrating Wel, b) Screen in the Middle, c) Screen at the Bottom, and d) Screen at the Top. 
(modified from Houben, 2015a) 
According to Hantush (1964 in Bear, 1979) the effect of partial penetration becomes negligible 
at a distance of 1.5 to 2 times the saturated aquifer thickness (b) in an isotropic aquifer. For 
an anisotropic aquifer this distance is a function of the square root of the vertical and horizontal 
saturated hydraulic conductivities – (Ksx / Ksy)
1/2.  Kozeny (1933 in Bear, 1979; Driscol, 1987; 
and Houben, 2015a), Huisman (1972 in Houben, 2015a), Todd (1980 in Houben, 2015a), Barker 
and  Herbert (1992) and  Parson (1994 in Houben,  2015a) developed analytical  models for 
steady-state flow towards a partial penetration wel. 
Houben (2015a) discussed the effect of partial penetration on head loss using the analytical 
models by Huisman, Baker-Herbert and Parson. For partial penetration between 40-70 % of 
the aquifer thickness, the head loss can be considered rather smal and it shows an almost 
linear relation with the percentage of penetration, i.e., the less open screen length (Ls) the 
higher the head loss.  The effect starts being significant for partial penetration below 40 % 
and the relationship between them is no longer linear. 
Besides the influence in  wel  head loss,  partial  penetration  also  has  other  effect  on the 
interpretation  of  pumping tests.   According to  Hantush (1964 in Fetter,  2001) the partial 
penetration time-drawdown curve is similar to a leaky aquifer.  It may also be similar to the 
effect  of  a  positive recharge  boundary,  an  aquifer  with  high regional  hydraulic  gradient  or 
nonuniform thickness. 
4.1.4 Wel Screen Geometry 
A wel screen is instaled in the wel borehole of an unconsolidated aquifer to filter the material 
that enters the wel and to give structural support to the aquifer medium while maximizing the 
amount of water that enters the wel (Driscol, 1987; Houben, 2015b). The optimal wel screen 
design should have the largest open area possible without compromising its structural stability 
and  alowing the  entry  of  particles in the  wel intake (Driscol,  1987).  Wel  screen  design 
parameters include wel and screen depth, wel diameter, open area and entrance velocity. 
Structural strength and screen materials, as wel as filter packing and casing materials, design 
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and joining  are further  parameters that  go beyond the scope  of this  work.  Driscol (1987) 
presents a detailed description of al mentioned parameters for designing a wel. 
The most commonly used criterion to design the wel screen geometry (screen depth, length 
and diameter) is the maximum permissible entrance velocity (Houben, 2015a). According to 
Driscol (1987) the entrance velocity should be kept under 0.03 m/s.  The entrance velocity 
depends  on the  discharge,  and the  screen length  and  diameter.  Normaly,  discharge is  a 
criterion that dictates the design, and not a design criterion itself. From the other two criteria, 
the  wel  diameter is  normaly  dictated  by the  size  of the submersible pump (ibid.). 
Furthermore, Houben (2015a) states that the effect of enlarging the wel diameter is not as 
sensitive as increasing the screen length. On the other hand, Houben (2015a) argues that the 
Reynolds number should be used rather than the maximum permissible entrance velocity, as 
it is a better parameter to control the flow regime into the wel. 
Regarding the screen length, the maximum screen length in a confined aquifer according to 
Driscol (1987) is 100 % of the saturated aquifer thickness from an extraction point of view. 
For operational reasons, it is recommended to leave some casing near the boundaries of the 
confining layers.   For this reason,  90 %  of the total  saturated  aquifer thickness  should  be 
screened, leaving  5 %  cased at the top  and  bottom (Driscol,  1987).   Also, the  drawdown 
should stay above the confining layer, i.e., no dewatering should occur (ibid.). 
For an unconfined aquifer, Driscol (1987) recommends an open screen length of 30 % of the 
total saturated aquifer thickness. This is based on the discussion given at the end of section 
4.1.2.  According to Fig. 4.1-3  a, in theory, a relative drawdown of 67  % corresponds to a 
relative maximum discharge of 90 %. Therefore, if the drawdown is 67 %, the water level in 
the wel wil be slightly above 30 % of the relative saturated aquifer thickness. Houben (2015a) 
suggests different values both for confined and unconfined aquifers. For the confined aquifer 
80 % of the saturated aquifer thickness is suggested and 40 % for the unconfined one (see 
Fig. 4.1-5). 
 
Fig.  4.1-6 Suggested Wel Screen  Configurations for  a) Confined and b) Unconfined Aquifers. 
(modified from Houben, 2015a) 
The other wel screen dimensioning parameter is the open screen area. It refers to the slot 
opening size of the screen and it depends on grain size distribution of the natural aquifer (for 
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a naturally developed wel) or the filter pack (for a packed wel) (Driscol, 1987; Houben, 2015b, 
2015a).   The  screen slot  size  should  alow  60 %  of the  material to  pass (Driscol,  1987). 
According to Driscol (1987) the percentage of open screen length should be similar to the 
sand or gravel pack porosity. 
Regarding ASR wels, the design focuses on the materials due to the potential corrosion and 
plugging (Pyne, 2005). The screen diameter and length in an ASR wel are dimension based 
on  a recommended maximal  screen  velocity  of  1.5 m/s (ibid.).   According to  Pyne (2005), 
preferential flow  can  occur in the top  of the  screen  section  during  both the recharge  and 
recovery  processes if the  screen velocity is  above  1.5 m/s.  There is no mentioning if this 
situation is  expected for  confined  or  unconfined  aquifers.   To the best  of the  author’s 
knowledge, there is no design criterion available for the screen length (Ls) of an ASR wel in 
an unconfined aquifer. 
4.2 Models to Assess Flow in Porous Media 
A model is an interpretation of reality, it is used to reproduce phenomena in a temporal and 
spatial scale that is not achievable nor practical in the natural environmental conditions where 
the phenomena occur (Ford, 2010). Ford (2010) recognizes four types of models: conceptual 
models, physical models (or interactive lecture demonstrations), mathematical and statistical 
models, and visual models. In Ford’s (2010) classification the analytical and numerical models 
are included in the  mathematical  and  statistical  category.  This  section  wil focus  both  on 
physical models (section 4.2.1) and numerical simulations (section 4.2.2) to model flow to a 
wel. 
In hydrogeology, models are mostly used to understand the particular behavior of flow in a 
system and to predict future behaviors of such system (Fetter, 2001).  According to Fetter 
(2001) a  conceptual  model is  a  static  description  of the  hydrogeological  system.   Physical 
models use similar materials to reproduce the system under analysis in a different scale. An 
analytical  model relies  on the  solution  of  basic flow  and  mass  equations  where the initial 
conditions  as  wel  as the flow boundary conditions  must  be  known (Fetter,  2001) and the 
geometry and aquifer heterogeneities are considered simple (Houben, 2015a). Darcy’s Law 
as  wel  as  other laws  and  equations  discussed in  section 4.1.2 are  examples  of  analytical 
models concerning flow to wels.  Numerical models or simulations are mostly used when 
dealing with aquifer systems too complex to be solved by analytical solutions alone (ibid.). 
4.2.1 Physical Models 
There are different experimental setups of physical models for flow through a porous medium. 
These setups include soil columns, lysimeters and sand tanks.   Soil  columns  are the most 
commonly used setup to  model flow  and transport through  porous  media.   Lewis  and 
Sjöstrom (2010) defined them as discrete blocks of soil under field or laboratory conditions 
that  model one-dimensional flow (1D) – commonly  saturated flow.  The  most  common 
boundary conditions for soil columns are upstream and downstream constant head and no 
lateral flow (Lewis and Sjöstrom, 2010). One of the first reported column experiments is the 
one  performed  by  Darcy (1856, in  Houben,  2015a,  2015b;  Kruseman  and de Ridder,  1990; 
Lewis and Sjöstrom, 2010; Raudkivi and Calander, 1976). 
On the other hand, lysimeters are defined as large outdoors unsaturated soil columns mainly 
used to model the vadose zone under atmospheric and natural boundary conditions (Lewis 
and Sjöstrom, 2010).  Besides the saturation and boundary conditions, Lewis and Sjöstrom 
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(2010) also recognized  one  more type of  soil  column  configurations,  depending  on the 
construction technique:  packed  and  monolithic  columns.   The first  utilizes  disturbed  soil 
packed into a container (usualy compacted) while the second are extracted and undisturbed 
natural soils (Lewis and Sjöstrom, 2010). Sand tank experiments are used to model two/three-
dimensional flow (2D/3D) and  work  under  both  saturated  and  unsaturated flow  conditions 
(Ojuri and Ola, 2010). 
In the present work, a three-dimensional (3D) sand tank was built to understand the effect of 
the well screen length on the injection rate. There are few studies specificaly regarding 3D 
flow to the wel into the aquifer or vice versa, in a laboratory scale (Corey, 1948; Clark and 
Turner, 1983; Jubboori et al., 1974; Wendling et al., 1997). For this reason, the next section 
begins by examining sand tanks in general and then focusses on the specific cases regarding 
3D flow to a wel. 
Sand Tanks 
Sand tank literature is extensive, the folowing review focuses on sand tanks where one of 
the dimensions is at least higher than one meter – from now these are referred to as large 
sand tanks.  Large 3D sand tanks have been applied to reproduce transport and diffusion of 
solutes in the vadose zone (Close et al., 2008; Ojuri and Ola, 2010; Oostrom et al., 1999a; 
Page et  al.,  2007;  Saba  and Ilangasekare,  2000;  Schmalz et  al.,  2003) and to  model 
remediation techniques (Atteia et  al.,  2017;  Heron et  al.,  1998;  MacKinnon  and  Thomson, 
2002; Walker et al., 1998). 
Oostrom et al. (1999b) performed pump and treat remediation in a heterogeneous quasi two-
dimensional (2D) sand tank, with dimensions of 1.67x1.0x.0.05 m3, also referred as flow cel. 
Two flow configurations were used: one injection-one extraction wels and two injection-one 
extraction wels.  Britt (2005) used a 0.72x1.1x0.07 m3 sand tank model to understand how 
the contaminant behaves when it enters a monitoring wel.  Quasi 2D sand tanks have also 
been applied to study the effect of saltwater up-coning induced by pumping in a fresh/salt 
water interface (Jakovovic et al., 2011; Shi et al., 2011; Werner et al., 2009), to assess the 
effect  of air injection to  create a saline intrusion  barrier (Dror et  al.,  2004) and to evaluate 
various methods to estimate the hydraulic conductivity in a heterogenious aquifer (Ilman et 
al., 2010). Similar quasi 2D large sand tanks have been used to investigate the fresh-salt water 
interface and solute transport (Liu et al., 2014; Lu et al., 2013; Panteleit et al., 2011; Post and 
Simmons, 2010; Zhang et al., 2002).  
Regarding 3D large sand tanks, a 3.35-meter-high sand tank with a diameter of 1.82 m with a 
102 cm diameter wel in the center was constructed to assess the effects of entrapped air on 
the hydraulic conductivity near the wel (Zlotnik et al., 2007). Even though the objective of the 
experiment was not to assess the flow to the wel process, it is the biggest sand tank with a 
wel found in literature  by the  author (8.7  m3).  Other large  sand tanks included  a 
27.3x1.4x0.8 m3 water tank – with a 5.3x0.7x.8 m3 triangular sand beach to investigate the 
tidal effects on the groundwater systems (Bakhtyar et al., 2011). Recently, a 4.8x1.83x0.12 m3 
L-shape sand tank for modeling MAR spreading methods was developed to test and model 
subsurface processes (Regnery et al., 2017). 
Flow Towards the Wel Experiments 
To the best of the author’s knowledge, the first large sand tank experiment on flow to a wel 
was  performed  by  Corey (1948 in Clark  and  Turner,  1983).  Recharge  experiments  with 
combined storm and wastewater were conducted by  Jubboori et al. (1974) in  a  15  degree 
circular  section  of  an  unconfined  aquifer  with  1.83 m radius  and  1.22 m thickness.   The 
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piezometric  surface  was  determined  by twenty  manometers  and the  outflow  measured 
volumetricaly. The experiment was run with constant over-head supply and the outlet tanks. 
In their work, the Dupuit piezometric surface was compared with the experimental one.  It 
was concluded that the Dupuit approach to calculate the piezometric surface was not valid 
with their experimental setup (Jubboori et al., 1974). 
Experiments on the wel screen efficiency were performed by Clark and Turner (1983) under 
two laboratory setups and in the field. The results reported by Clark and Turner (1983) refer 
to a laboratory setup without an aquifer material, thus, not strictly a large sand tank. Yet, they 
reported that other experiments were performed by Turner (1978 in Clark and Turner, 1983) 
in the  same laboratory  setup  with  an  aquifer  material.  One  experimental  configuration 
comprises a section of an eighth of a circle with 1.2 m radius and 0.2 m aquifer thickness. For 
the other configuration, a ful tubular section of wel screen was submerged in a water tank. 
The head losses for different wel screens were under 7 cm with screen intake velocities of 
up to 1.4 m/s. 
Wendling et  al. (197) tested the  effect  of  wel  development  on  a radial  section  cel 
reproducing a confined aquifer. The experimental setup included three different wel screens 
with a wel radius of 0.1 m and the aquifer dimensions were 0.14 m thickness and one radial 
angle with 1.0 m radius. The pressure over the aquifer was logged over 21 points distributed 
at 0.05, 0.1, 0.2, 0.3, 0.5, 0.7 and 1.0 m radi. A solid particle colection system was instaled 
to recovered material passing the wel during the development phases. To the extent of the 
author’s knowledge, there are no more reported experiments or laboratory setups to assess 
the flow to a wel. 
4.2.2 Numerical models 
Bear (1979) defined numerical models as the solution of a set of mathematical equations that 
describe the behavior of the system under consideration. Like any type of model, numerical 
models are used to evaluate excitation-response behaviors in the aquifer systems, for a better 
understanding of the way the system works and to make management decisions (Bear, 1979). 
The  usage  of  numerical  models to  simulate flow in  porous  media is rapidly  and  constantly 
increasing  and literature  concerning the topic is  extensive (Fetter,  2001;  Houben,  2015a; 
Rushton, 2004; Zhou and Li, 2011).  Only regarding numerical simulations for MAR, Ringleb 
et al. (2016) identified over 216 studies. 
The number of commercial software packages to simulate flow through porous media is also 
quite large. Ringleb et al. (2016) recognized the usage of 23 different software packages to 
simulate MAR operations. According to Bear (1979), the numerical model should be simple 
enough to be amenable but not too simple, in order not to exclude features that are under 
investigation. Moreover, there should also be enough data to calibrate the model (Bear, 1979). 
The  model calibration is  a  process  where the  system  parameters  are  verified,  or  even 
determined – in the  case that there is  no  previous  knowledge  of them (ibid.).   These 
parameters include the  aquifer  geometry,  physical  characteristics,  boundaries, inputs  and 
outputs (ibid.). 
Ringleb et  al. (2016) classified numerical  simulations for  MAR into five  classes, these  are: 
saturated flow,  unsaturated flow, reactive transport,  solute transport  and  water  balance 
models. For the first two classes, the most commonly used software packages for simulating 
saturated flow were MODFLOW (McDonald  and  Harbaugh,  1984) and  MARTHE (Thiéry, 
1990); and HYDRUS (Šejna et al., 2011) and MIKE-SHE (Sahoo et al., 2006) for unsaturated 
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flow. Regarding the simulated MAR type, 57 % of the performed studies deal with wel, shaft 
and borehole recharge and 29 % with spreading methods (Ringleb et al., 2016). 
The commercial software package HYDRUS 2D/3D wil be used to perform the simulations of 
the experimental set-up.  It works on finite elements and it solves the Richards equation by 
numerical  methods for  saturated and unsaturated water flow,  as  wel  as the  convection-
dispersion equation for heat and solute transport (Šejna et al., 2011). Radcliffe and Šimunek 
(2010) present detailed description of the HYDRUS program and modeling of flow and solute 
transport with it. For details on the program itself see Šimunek et al. (2016). 
4.3 Experimental Setup 
To test the  effect  of  screen length  on the injection rate,  an  experiment  was  set up in the 
laboratory facilities  of the Institute  of Waste  Management  and  Circular  Economy of 
Technische Universität Dresden in Pirna, Germany. In principle the system aims to reproduce 
the aquifer-wel systems as a whole. Even though the actual configuration alows to test many 
conditions (pumping, clogging, layering and other different aquifer configuration), the results 
presented in this chapter are limited to the open screen length effects as: 1) it is the most 
sensitive criterion to design the screen wel geometry and 2) according to the review it is the 
least studied design criterion in literature. 
The experiment aims to represent a homogenous, isotropic, infinite, and uniform thickness 
aquifer  with  a fuly  penetrating  wel,  where  steady  state flow (constant  pump 
recharge/discharge from  wel  and  constant  horizontal flow  can  be  achieved.   Under these 
circumstances, the only condition from section 4.1.2 that stil needs to be met is d) horizontal 
piezometric surface prior to pumping.  To exactly reproduce al of the conditions mentioned 
wil be impractical in the laboratory, e.g. an infinite aquifer. However, some adaptations can 
be done to try to emulate the assumptions on which the flow theory is based. The experiment 
set up  aims to reproduce the island aquifer  conceptual  model  by  Thiem (Driscol,  1987; 
Houben, 2015a). 
4.3.1 General Dimensions 
The sand tank under consideration is a physical model of an aquifer-wel system, contained in 
a  1.2-meter-high  cylinder  with  a 0.5-meter internal radius  built  of fiber  glass.   One  of the 
cylinders ends is closed and built-in monolithicaly to the wals (see Fig. 4.3-1 a); the other end 
is open. The cylinder container is located on top of a 0.6-meter-high platform to gain access 
to the cylinder base. Prior to the instalation of the aquifer-wel container, piezometer accesses 
were driled in the base of the cylinder as wel as outflow holes into the wals (see Fig. 4.3-1 b). 
Nine piezometers were instaled at the bottom of the tank. Piezometer #1 is positioned at the 
center  point  of the  sand tank, thus registering the  pressure  head in the  wel.   Other  6 
piezometers are distributed along the primary axis (in line with two outflow boundaries), four 
at every 0.1 meters from the center point in the same radius (piezometers #2, 3, 4 and 5) and 
other two more piezometers at 0.2 m (#6) and 0.4 m (#7) in the opposite radius (180°). The 
last two piezometers are at different angles but at the same radial distance from the center 
point as other piezometers. Piezometer #8 is at 0.2 m (like #3 and #6) at 270° from the main 
axis  and  piezometer  #9 is  at  0.4 m (as  #5  and  #7)  at  120° from the  main  axis.   The last 
piezometer’s original position was at 90° from the main axis, but due to construction reasons 
it was displaced over the same arc. The piezometer locations are shown in Fig. 4.3-2. 
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Fig. 4.3!1 Aquifer!Wel System Cylindrical Container a) Base View with Piezometer Perforations 
and b) Front View of Cylinder Container Over Platform. 
 
Fig. 4.3!2 Piezometer Distribution at the Tank (Distances in m). 
The piezometer distribution along two different arcs (r = 0.2 m and r = 0.4 m) was planned to 
evaluate if preferential flow is occurring in the tank, as the outflow system was only perforated 
at two perpendicular axes. Piezometers #3, #6 and #8 were al at 0.2 m from the center point 
and piezometers #5, #7 and #9 at 0.4 m from the center point. During the initial tests it was 
corroborated that the buildup differences between the piezometers in the arc with a radius of 
0.2 m and for the arc of 0.4 m are under 5 %.  For this reason, only the pressure heads at 
piezometers #1, #2, #3, #4 and #5 are reported in the complementary material (see section 
4.5). 
a) b) 
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The tank is  equipped  with  a smal-diameter, high-density  polyethylene (HDPE) wel  screen 
(inner  diameter: 25.4 mm) that fuly  penetrates the  aquifer.   The wel  screen is  perforated 
every 5 mm with 0.3 mm aperture – 6 % screen wel open area. The fuly penetrating wel is 
located at the center of the sand tank. The aquifer material consists of medium/coarse sand 
(Ks = 6.2 x10
-4 m/s). The sand tank was packed in a sequence of approximately 60 kg of sand 
compacted to 0.1 m layers to achieve a bulk density of 1.5 g/cm3. A total of 11 layers were 
added to the sand tank. The sieve curve for the sand is given in Fig. 4.3-3. From the curve 
sieve, the particle sizes representing 60 % (D60 = 0.87 mm) and 10 % (D10 = 0.24 mm) of 
the sieve curve are obtained. The uniformity coefficient is 3.625. 
 
Fig. 4.3-3 Grain Size Curve for the Sand Used as Aquifer Material. 
4.3.2 Boundary Conditions 
Two  boundary  systems  control the flow in the  sand tank: the injection and the  outflow 
systems.  Water is injected at the center of the sand tank and leaves the system via side 
outflow systems. A schematic representation of the boundary systems and the sand tank is 
given in Fig. 4.3-4. Both overflow systems are connected to the water storage tank, where 
water is recirculated to the  constant  head tank by  a  pump building a  closed  system.   The 
constant head tank and the injection pipe are part of the injection system.  
Injection System 
A constant head tank was fixed to the top of the sand tank, from here a screen blockage and 
injection pipe were inserted into the wel. The screen blockage system was used to reproduce 
different screen lengths, it consists of an inflatable rubber around a 12-mm rigid pipe.  The 
pipe in the  screen  blockage  system  must  be rigid  as flexible  pipes  colapsed  when the 
pressure to inflate the rubber  was  applied.   The injection  pipe is  also the  screen  blockage 
system (for the largest injection diameter – see Fig. 4.3-5 b). The other two injection pipes 
have a diameter of 8 and 6 mm. A scheme of the wel screen block system in the wel and 
the three injection pipes is shown in Fig. 4.3-5. 
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Fig. 4.3!4 Schematic Representation of the Sand Tank Configuration for Injection Experiments 
at Constant Head. 
 
Fig. 4.3!5 Schematic Representation of (a) Screen Blockage System and (b) Injection Pipes. 
a) b) 
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Outflow System 
The sand tank wal has 0.05 meters side perforations that are al connected to the outflow 
system (see Fig. 4.3-1 b and Fig. 4.3-4). These perforations are located at every 0.2 m from 
the  bottom in two  perpendicular  axes – for  a total  of four  consecutive  vertical rows  of 
perforations. Each row of perforations is hydraulicaly connected to an outflow pipe, al four 
outflow pipes converged to the bottom of the outflow column. This setup alows the same 
outflow head for al side perforations of the sand tank, hence, reproducing a uniform saturated 
aquifer thickness. 
A geotextile and coated PVC wire were instaled between the sand tank wal and the aquifer 
material as a drainage system to maximize radial flow.  The water level of the outflow system 
(and in the sand tank) is controled by the outflow column. The outflow column level can be 
adjusted, by this means it is possible to simulate different water tables within the sand tank. 
Under a different configuration, the sand tank alows to simulate an extraction wel. This can 
be achieved by pumping directly into the outflow column and pumping from the wel. Results 
from this configuration are not reported. 
4.3.3 Measurements 
The dependent variable at consideration is the injection (and outflow) rate and the independent 
variable is the  open injection  screen  wel length.   The  experimental  setup is  configured to 
measure the injection inflow from the  constant  head tank  by  means  of  a flowmeter.   The 
flowmeter resolution is 0.1 liters.  Six times measurements, one every liter, were taken per 
open wel screen length scenario. The injection rate is calculated by dividing one liter by the 
median time of the six measurements. 
The outflow column discharge volume is measured by the volumetric method, using a scale 
and chronometer. The outflow column volumetric measurements were employed during the 
tests  as  an instant  corroboration  of the flowmeter  measurements.   Besides these 
measurements  and the  piezometer levels, the  pressure  at the  blocking  device  was  also 
recorded. The pressure equipment minimum resolution is of 20 kPa (approximately 2 meters 
pressure  head)  which is  higher than the  static  pressure  head from the  constant  head tank 
(< 15 kPa). This guaranties that the blocking was hermetic. 
A nomenclature system was introduced to structure the experimental data. L stands for initial 
water level folowed by the level number, e.g. L7, L5 and L3. Each pipe injection diameter is 
referred to as an injection configuration; where the diameter of 12 mm is the first configuration 
(C1), the  8 mm is the  second  configuration (C2)  and the  6 mm is the third  one (C3).   The 
maximum flow rate is achieved in C1 and the minimum with C3.  A letter B stands for the 
batch. As an example, L3/C2B1 refers to the batch #1 using the injection pipe of 8 mm (C2 – 
medium flow rate) with the initial water level of 0.3 m from the bottom of the sand tank. 
4.4 Numerical Simulations 
Numerical simulations of flow in the sand tank were carried out with the software package 
HYDRUS 2D/3D. These simulations are done to assess the influence of the soil type without 
the need to change the soils in the physical model. Before simulating the other soil types, it 
is necessary to calibrate and validate the numerical simulations with the results obtained from 
the experimental setup.  Three calibration scenarios were carried out: 1) the wel boundary 
condition,  2) the  saturated  hydraulic  conductivity and  3) the  anisotropy in the  saturated 
hydraulic conductivity. For the validation, one experimental batch for each level was selected 
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randomly. These were L7/C1B3, L5/C2B1 and L3/C3B1 (see section 4.3.3 for nomenclature). 
The calibration was performed on the first experimental batch (L7/C1B3). 
Like any other model, numerical models are a simplification of a system. No model could ever 
fuly reproduce the  system  under  analysis (Bear,  1979).   Some  compromises  have to  be 
assumed and understood previous to the setup of the numerical model. These compromises 
are  necessary to evaluate the  excitation (reduction  of the  open  screen length) - response 
(injection rate) behavior of the sand tank. Regarding the numerical model to simulate injection 
scenarios with different soil type, the main compromises are: 
1. The used software is not intended to model flow within the wel; 
2. The wel is simulated as a soil with a high saturated hydraulic conductivity; 
3. Other materials (geotextile and wel casing) are also simulated as soil materials; and 
4. The same initial conditions and boundaries (outflow and wel levels) are set for al open 
wel screen configurations at each scenario. 
The first and second identified compromises relate to the simulation of flow inside the wel 
by a software package not meant for it and how this was overcome. Due to the nature of the 
experimental  setup, it  was  necessary to  estimate the  wel  buildup  during the recharge 
experiment (or drawdown in an extraction one). For this reason, the wel was also included in 
the simulation, even as stated before, the software package HYDRUS 2D/3D is intended to 
simulate flow and solute transport in soils, and not flow in the wel itself. 
The third compromise refers to the other materials simulated as a soil: the geotextile and the 
coated PVC wire between the aquifer material and the sand tank wal.  This combination of 
material was instaled to maximize radial flow due to its high capacity to conduct water out of 
the sand tank. The wel casing was also included in the numerical model setup to reproduce 
the effect of blocking the open screen length as it was done in the experimental setup. The 
last identified source of uncertainty is related to the outflow boundary conditions.  For each 
simulated  water level, the  pressure  distribution is  based  on the  measured  pressure  at the 
piezometer #5 (at 0.4 m from the center of the sand tank) with an open screen length of 0.8 m. 
This is the situation for al levels where the maximum outflow was achieved. 
4.4.1 Model Setup 
The geometry of both physical and numerical models is the same: a 1.1 m tal cylinder with 
1.0 m radius (see Fig. 4.4-1). The geometry of the base circle included the wel with 0.0127 m 
radius, the  aquifer  material an  annulus with an internal radius of 0.0127 m and an external 
radius of 0.4873 m, and the geotextile is another annulus with an internal radius of 0.4873 m 
and an external radius of 0.5 m (see Fig. 4.4-1 b). 
A  3D layered  cylinder  was  built  by  extruding the  base  circle in the  numerical  model.   The 
extrusion axis can be seen in Fig. 4.4-1 a as a magenta line. A total of 23 layers were created 
by this extrusion. The distance between the layers is 0.05 m. For creating the nodes mesh, 
a finer discretization was selected for the wel and for the wal. The wel mesh and the wel 
casing nodes are shown in Fig. 4.4-2. 
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Fig. 4.4!1 Numerical model nodes mesh (a) 3D view and (b) aerial view.  The nodes colors 
represent the materials: yelow for the wel nodes, orange for the aquifer material annulus and 
green for the geotextile annulus. 
 
Fig. 4.4!2 Aerial view of the wel nodes mesh refinement.  The blue nodes represent the wel 
casing. 
For al materials, the same soil parameters assigned to the aquifer material are kept. These 
are the residual (#r) and saturated (#s) soil water content, coefficient (!) and exponent (n) in 
the soil water retention function and the pore!connectivity parameter (l). The only parameter 
that is changed is the saturated hydraulic conductivity. The simulated materials are given in 
!
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Table 4.4-1Error!  Reference  source  not found..   The  assigned Ks values  are  compared to 
values reported for rocks and unconsolidated materials by Freeze and Cherry (1979). 
Table 4.4-1 Characteristics of the used materials to simulate the sand tank 
Material 
K (m/s) Color* Source** 
Comparable 
material*** 
Wel casing 6.2x10-9 Blue Assumed Silt, loess 
Sand (aquifer material) 6.2x10-4 Orange Laboratory Clean sand 
Geotextile 1.2x10-1 Green  Data sheet Gravel 
Wel interior 8.3x10-0 Yelow Assumed > Gravel 
*Color assigned to represent the materials in Fig. 4.4-1 and Fig. 4.4-2. 
**Source: origin of the reference value. 
** Comparison based on the saturated hydraulic conductivity (Freeze and Cherry, 1979). 
The saturated hydraulic conductivity value assigned to the aquifer material was measured in 
the laboratory. The assigned value to the geotextile was reported by the manufacture. The 
wel  was  simulated  as  a  soil  with  a considerably high  saturated  hydraulic  conductivity 
(Ks = 8.3 m/s). For the wel casing, a relatively low saturated hydraulic conductivity (6 orders 
of magnitude lower than the aquifer material) was assigned to the “wel wal” to simulate it. 
A  similar  approach  was taken  by  Houben (2006) when  he  simulated the  effect  of regional 
groundwater in the wel intake. In this case a saturated hydraulic conductivity three orders of 
magnitude lower than the  aquifer  material  was  used to  simulate the  wel  casing (Houben, 
2006).  The wel casing was assigned a lower saturated hydraulic conductivity than Houben 
(2006) so a higher range of saturated hydraulic conductivities was available for the scenarios 
with other soil types. 
Two  new  materials  were included in the  numerical  model to test the robustness  of the 
experimental results.  One  scenario  simulated  a  sand  material  with  a  saturated  hydraulic 
conductivity  half  of  a logarithm  cycle  of the  original  experimental  soil.   The  other  scenario 
simulated a loamy sand with a saturated hydraulic conductivity one order of magnitude less 
than the experimental material.  Both numerical models kept the same initial and boundary 
conditions as the validated simulations, the only parameter changed between the scenarios is 
the aquifer material. The aquifer material (θr, θs, α, n, and I) are taken from the material catalog 
included in the  software  package  HYDRUS 2D/3D.  The  saturated  hydraulic  conductivity 
obtained from the catalog was modified by the desired one. The soil parameters used in these 
new numerical models are presented in Table 4.4-2. 
Table 4.4-2 Soil characteristics of the materials for the sand tank numerical models 
Material 
θr (-) θs (-) α (1/m) n (-) Ks (m/s) I (-) 
Experiment sand 0.020 0.36 28.0 1.94 6.2x10-4 0.5 
Sand 0.045 0.43 14.5 2.68 1.9x10-4 0.5 
Loamy sand 0.049 0.39 3.47 1.75 6.2x10-5 0.5 
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4.4.2 Boundary conditions 
There are two main boundary conditions assigned to the nodes: no flow nodes and constant 
head nodes. Constant head nodes are assigned to the injection wel nodes, in the bottom of 
the tank, and to the outlet nodes in the tank wal. Al other nodes at the wal are assigned as 
a no flow boundary condition.  The assigned initial head condition for al nodes is a uniform 
distribution  of  pressure  according to the  experimental initial  pressure  head  previous to the 
injection, except for the wel nodes. 
To simulate the injection into the sand tank, the bottom wel nodes were assigned a distinct 
initial constant pressure head. The assigned pressure head for the wel nodes corresponds to 
the measured pressure head at piezometer #1 (wel) for an open screen length of 0.8 m. The 
outflow nodes are the same for the sand tank and the simulations. The arrangement of the 
five outlets levels (at 0.1, 0.3, 0.5, 0.7 and 0.9 m from the bottom) located in the sand tank 
wal in two perpendicular axes (x and y) were incorporated in the simulations as a constant 
head boundary equal to the initial experimental head prior to the injection. Fig. 4.4-3 shows 
the distribution of the outflow nodes. 
 
Fig. 4.4-3 Lateral view of the wel nodes mesh refinement. The red nodes represent the constant 
head outflow nodes and the white ones are the no flow nodes. 
4.4.3 Calibration and validation 
Al the calibrations were performed on the experimental batch L7/C1B3. The wel boundary 
condition was the first parameter of the numerical model that was calibrated.  For this, two 
scenarios were tested: 1) keeping the same pressure head for a fuly penetrating wel and 2) 
using the  measured pressure  head for the  open  screen length  experiment.  In the first 
scenario, the pressure head in the wel was set as the one measured in the wel with an open 
screen length of 0.8 m (hw = 0.8 m) for the three-simulated open screen length (Ls of 0.8, 0.4 
and 0.1 m). In the second one, the pressure head in the wel was equal to the measured with 
X
Z
Y
 
MAR Experiments: Injection Wels 
 - 85 - 
 
an open screen length of 0.4 and 0.1 m for each case. Table 4.4-3 summarizes the calibration 
outcomes of the wel’s boundary condition. 
Table 4.4-3 Calibration scenarios for the constant head in the wel for L7/C1B3 
Scenario 
Pressure head in 
wel (hw) and 
open screen 
length (Ls) (m) 
Measured 
injection rate 
(m3/d) 
Simulated 
injection rate 
(m3/d) 
Difference between 
measured and 
simulated injection 
rates (%) 
1 
hw = 0.8 & Ls = 0.8 7.94 6.67 -8.7 
hw = 0.8 & Ls = 0.4 7.64 6.27 -9.9 
hw = 0.8 & Ls = 0.1 6.41 5.85 -4.6 
2 
hw = 0.1 & Ls = 0.4 7.64 11.18 +18.8 
hw = 0.1 & Ls = 0.1 6.41 29.74 +64.5 
The numerical model proved to be sensitive to the boundary condition set in the wel.  The 
two cases studied in the second scenario deviate from the measured data, with differences 
between the measured and simulated injection rates above 10 %. Due to the uncertainties 
derived from the assumed compromises when building the sand tank numerical model, it was 
decided to keep the wel constant head fixed. By this means, the only variable in the simulated 
scenarios wil be the modification of the open screen length.  The blue line in in Fig. 4.4-4 
represents the 1:1 relationship between the measured and simulated injection rates. 
 
Fig. 4.4-4 Comparison of the measured vs calibrated injection rate for the calibration scenarios 
1 and 2 for the wel boundary condition. 
The saturated hydraulic conductivity was the second calibrated parameter. This was done in 
two ways, by increasing its value and its anisotropy. For the first, five scenarios were tested 
where the Ks of the aquifer material was increased from the original value up to double it. The 
results from the five scenarios are shown in Table 4.4-4.  The first scenario represents the 
original Ks value, the second 1.1 time the original Ks, the third 1.15 times, the fourth 1.5 and 
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the last  2.0 times the  original Ks.   Al  simulated results  are  compared to the  experiment 
L7/C1B3 for an open screen length of 0.8 m. 
Table 4.4-4 Calibration scenarios for the saturated hydraulic conductivity for L7/C1B3 
Scenario (times 
the original Ks) 
Aquifer material 
Ks (m/s) 
Measured 
injection rate 
(m3/d) 
Simulated 
injection rate 
(m3/d) 
Difference between 
measured and 
simulated injection 
rates (%) 
1 (1.00) 6.23x10-4 7.94 6.67 -8.7 
2 (1.10) 6.86 x10-4 7.94 7.31 -4.2 
3 (1.15) 7.17 x10-4 7.94 7.61 -2.1 
4 (1.50) 9.35 x10-4 7.94 9.77 +10.3 
5 (2.00) 1.25 x10-3 7.94 12.73 +23.2 
Considering the range  of  possible  values for the  saturated  hydraulic  conductivity, this 
parameter is  quite influential.   The  uncertainty  of the  measured  saturated  hydraulic 
conductivity in the laboratory is within the range of values used for the calibration.  Even if 
smaler differences between the measured and simulated injection rates can be obtained with 
a Ks 1.15 times higher than the measured in the laboratory, it was preferred to keep the original 
value.  The simulations with the original Ks value yields acceptable differences between the 
measured and simulated results (under 10 %). The comparison between the measured and 
simulated results is shown in Fig. 4.4-5. 
 
Fig.  4.4-5 Comparison  of the  measured and calibrated injection rate for the five calibration 
scenarios for the saturated hydraulic conductivity. 
Finaly, three  scenarios  were  simulated to  calibrate the  saturated  hydraulic  conductivity 
anisotropy (Ksh/Ksv). The first scenario is the original model with no anisotropy. In the second 
scenario the  anisotropy  was  set to  10 (Ksh 10 times  greater than Ksv)  and in the last, the 
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anisotropy was set to 20. The results from the three scenarios are shown in Table 4.4-5 and 
a comparison is given in Fig. 4.4-6. 
Table 4.4-5 Calibration scenarios for the saturated hydraulic conductivity anisotropy for L7/C1B3 
Scenario 
(anisotropy 
Ksh/Ksv) 
Vertical saturated 
hydraulic 
conductivity, Ksv 
(m/s) 
Measured 
injection rate 
(m3/d) 
Simulated 
injection rate 
(m3/d) 
Difference between 
measured and 
simulated injection 
rates (%) 
1 (1) 6.23x10-4 7.94 6.67 -8.7 
2 (10) 6.23x10-5 7.94 7.03 -6.1 
3 (20) 3.1 x10-5 7.94 7.06 -5.8 
 
 
Fig.  4.4-6 Comparison  of the  measured and calibrated injection rate for the three calibration 
scenarios for the saturated hydraulic conductivity anisotropy. 
The anisotropy in the saturated hydraulic conductivity seems to have no effect in the numerical 
model whatsoever. Smaler differences between the measured and simulated injection rate 
are achieved with higher anisotropy values.  Once again, due to the uncertainties from this 
value it was decided to keep the original value, i.e. no anisotropy. 
Once the numerical model was calibrated for the batch L7/C1B3 it was validated with three 
other  configurations.   The  validation  was carried  out for  a  subset  of al  possible  batch 
configurations, these were randomly selected. Three initial levels (L3, L5 and L7) as wel as 
three injection-pipe  diameters (C1,  C2  and  C3)  were  validated.   Additionaly, to the  batch 
L7/C1B3 the validation also included the batches L5/C2B1 and L3/C3B1. A summary from the 
validation is shown in Table 4.4-6. 
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Table 4.4-6 Validation of the three simulated scenarios: L7/C1B3, L5/C2B1 and L3/C3B1 
Experimental 
configuration 
Open screen 
length (m) * 
Meassured 
injection rate 
(m3/d) 
Simulated 
injection rate 
(m3/d) 
Diference between 
meassured and 
simulated injection 
rates (%) 
L
7/
C
1
B
3
 
0.8 (> 100 %) 7.94 6.67 -8.7 
0.6 (86 %) 7.87 6.48 -9.7 
0.4 (57 %) 7.64 6.27 -9.9 
0.2 (29 %) 7.14 6.00 -8.7 
0.1 (14 %) 6.41 5.85 -4.6 
L
5/
C
2
B
1
 
0.8 (> 100 %) 4.62 5.54 +9.0 
0.6 (> 100 %) 4.64 5.52 +8.7 
0.4 (80 %) 4.52 5.32 +8.1 
0.2 (40 %) 4.27 5.07 +8.5 
0.1 (20 %) 4.09 4.93 +9.3 
L
3/
C
3
B
1 
0.5 (> 100 %) 3.02 2.68 +6.0 
0.4 (> 100 %) 3.02 2.68 +6.0 
0.3 (100 %) 3.04 2.66 +6.7 
0.2 (67 %) 2.96 2.51 +8.4 
0.1 (33 %) 2.89 2.42 +8.9 
*The value in parentheses refers to the percentage of open screen length vs the aquifer thickness. 
The difference between the experimental results and the simulations are acceptable, thus, 
the numerical models are validated. These differences were always under 10 %. There are 
many compromises that have been accepted in order to simulate the physical model, which 
become uncertainties in the results of the numerical model – in addition to the uncertainties 
related to the physical model and the results obtained from it. 
4.5 Results and Discussion 
The experimental results are presented in two parts; the direct relationship between flow rate 
and  screen length is  shown in  section 4.5.1 and the integration  of  al  of the results into  a 
standardized graphic is presented in section 4.5.2.  Results of numerical simulations of the 
sand tank with different soils types are given in section 4.5.3. The ful experimental data base 
is available as complementary material. 
The injection experiments were conducted for three initial water levels at approximately 0.3, 
0.5 and 0.7 meters from the bottom of the sand tank. At each water level three different flow 
 
MAR Experiments: Injection Wels 
 - 89 - 
 
regimes  were induced from the  constant  head tank  by  means  of three injection  pipes 
(diameters of 6, 8 and 12 mm). For each combination of undisturbed water level and injection 
pipe at least two batches were performed. A batch consisted of a sequence of different open 
wel screens that started and ended with the same open screen length. One batch wil start 
with an open wel screen of 0.1 m and wil consequently move upwards in 0.1 m steps until 
the maximum open wel screen length of 1.1 m was achieved and then wil close up, finalizing 
the  batch  with  an  open  wel  screen  of  0.1 m.   The  other  batch  wil be  performed on the 
opposite way – from the maximum open screen length achievable. 
4.5.1 On the Effect of Screen Length on Injection Rate 
Fig. 4.5-1 shows the effect of the open wel screen on the injection rate for al the injection 
arrangements. Fig. 4.5-1 a, b, and c show the injection results for L7, d, e, and f for L5 and 
g, h, and i for L3. For each level the results for C3, C2 and C1 are shown from left to right. 
The median of the injection rate per open wel screen length is represented by an “X” in Fig. 
4.5-1, the  box  plot represents the first  and third  quartile, e.g. it  contains  50 % of the data 
(between 25 % and 75 %) and the maximum and minimum measured outflow is represented 
by the whiskers, hence the whole range of the measurements is depicted. 
For a better interpretation of the data, al graphics in Fig. 4.5-1 have the same vertical and 
horizontal scale. In al cases it is shown that there is an effect of the open screen length on 
the injection rate.   The injection rate  decreases  as the  screen length is reduced,  but the 
relationship is not linear.  This effect is significant for open screen length under 0.2 m in al 
graphics, and it is better perceived for the higher flow rates – Fig. 4.5-1 c, f, and i. Surprisingly, 
in these three cases there is a deviation from the maximum flow rates at open screen wels 
wel above the undisturbed initial water level. The deviation does not manifest for the other 
flow rates (Fig. 4.5-1 a, b, d, e, g, and h). 
This behavior, deviation from maximum achieved flow rate for open screen lengths wel above 
the initial water level in Fig. 4.5-1 c, f, and i, is explained because the used injection pipe for 
the largest diameter (C1) is also the screen blockage system (see section 4.3.2).  Here the 
injection is no longer between two water surfaces (the constant head tank and the water table 
in the wel - communicating vessels), but the water is freely flowing from the injection pipe. 
Thus, a different flow regime happened in the injection pipe. Because the buildup in the wel, 
the limit between these flow conditions in not at the initial water level, but after the injection 
pipe is above the buildup This occurs 0.2 m above the initial water level in L7/C1 (at 0.9 m in 
Fig. 4.5-1 c) and 0.4 m above in L3/C1 (at 0.7 m in Fig. 4.5-1 i). 
For the  other injection  arrangements (C2  and  C3) the  pipes  were inside the  wel  screen 
blockage system (which is the same pipe as C1 – see 4.3.2).  For this reason, the injection 
pipes in the configurations C2 and C3 always were under the buildup, hence, there was always 
flow  between two  water  surfaces  and  no free flowing from the injection  pipes.   This  was 
expected, as the open screen length above the buildup in the wel has no effect in the injection 
rate. 
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Fig. 4.5-1  Effect of the Screen Length on the Injection Rate for a) L7/C3, b) L7/C2, c) L7/C1, d) 
L5/C3, e) L5/C2, f) L5/C1, g) L3/C3, h) L3/C2, and i) L3/C1. 
 
 
MAR Experiments: Injection Wels 
 - 91 - 
 
According to the derivation of flow to wels in a porous aquifer (eq. 4.1 to eq. 4.3 – section 
4.1.2) the  aquifer thickness  has  a  proportional relationship  with the flow.   The  contrary is 
observed in the experimental results, the thinner the saturated aquifer thickness, the higher 
the flow rate. Flow rate is higher in Fig. 4.5-1 g, h and i (L3) than in Fig. 4.5-1 d, e and f (L5) 
respectively; and flow rate is higher in Fig. 4.5-1 d, e and f (L5) than in Fig. 4.5-1 a, b and c 
(L7) respectively. 
The behavior of the outflow and the undisturbed initial water level seen in Fig. 4.5-2 can be 
explained by the  pressure  head  difference between the constant  head tank  and the initial 
water table. The water level in the constant head tank is approximately 1.5 m above the sand 
tank bottom. Thus, the pressure head difference between L7 and the constant head tank is 
0.8 m which is smaler than the difference to L5 (1.0 m) and L3 (1.2 m). To evaluate if there 
is an effect of the aquifer thickness in the injection flow, the head difference between the 
constant head tank and the initial water table should be constant. Hence, there should be a 
movable head in the constant head tank and not a fixed one. 
4.5.2 Standardized Graphic 
The injection rate standardized with respect to the maximum flow rate is plotted against the 
relative open wel screen to the initial water table for al arrangements in Fig. 4.5-2.  Three 
regions can be distinguished in this figure: 1) a region above 0.8 relative open wel screen, 2) 
a region between a relative open wel screen of 0.8 and 0.4, and 3) a region between 0.4 and 
0.15 relative open wel screen.  No injection arrangements were under a relative open wel 
screen of 0.15, thus, no discussion can be made for this region. 
No experiment was carried out for an open screen length under 0.1 m. High velocities were 
expected for open screen lengths under 0.1 m resulting in material wash off. This would have 
altered the experimental setup which was not under the research aim. For this reason, there 
are no experiments beneath a relative open wel screen of 0.15. Nevertheless, it is expected 
that the standardized injection rate decreases at a high rate under a relative open wel screen 
of 0.15, as no flow wil occur with a relative open wel screen of 0.0. 
Values above a relative open wel screen of 0.8 have almost no variation in the standardized 
injection rate (between 0.95 and 1.0). This difference can be associated to the measurement 
error in the injection rate, as they are in average less than 0.05 with respect to the maximum 
standardized injection rate. Any increment in the wel open screen area above the undisturbed 
initial water level (relative open wel screen higher than 1) has no effect on the injected flow 
rate based on these experimental results. Even if there is build up in the wel, the flow in this 
area is not completely horizontal, but rather vertical. 
The next area is in a relative open wel screen of 0.8-0.4. Here no value reaches the maximum 
standardized injection rate but there is also none beneath 0.9. This is considered a transition 
zone, where a shift from the maximum standardized injection rate begins to become evident. 
As  stated by  Houben (2015a) in this  area the  partial  penetration  effects  start to  show 
themselves (see section 4.1.3). 
The third area lies below a value of a relative open wel screen of 0.4, where a stronger shift 
from the  maximum  standardized injection is identified,  with  no  standardized injection rate 
above 0.95. It is important to point out that even if this stronger shift is identified, in no case 
the relative injection rate is below 0.80. For a relative open wel screen area above 0.15, the 
achievable injection rates are only 20 % less than the maximum injection rate in the sand tank 
experiments.  It is  expected that the relative injection rate  decreases  at  a  high rate  under 
relative open wel screen area below 0.15. 
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Fig. 4.5-2  Open Screen Length Relative to Static Level and Standardized Injection Rate for Al 
Configurations Tested. 
Based on these results it can be concluded that for injection into an unconfined aquifer the 
optimum open wel screen length is of 80 % of the saturated aquifer thickness. With an open 
wel screen length between 40 % and 80 % of the saturated aquifer thickness the injection 
rate  stil can be  maintained above  95 %  of the  maximum  achivable injection rate in  an 
unconfined aquifer.  For lower values of the open screen length (up to 15 %), the injection 
rate wil stil be above 80 % of the maximum achivable injection rate. 
As discussed in section 4.1.2, for economic reasons the drawdown in an extration wel located 
in an unconfined aquifer should not exceed 67 % of the aquifer thickness (Driscol, 1987). An 
ASR wel in an unconfined aquifer should then meet both injection and extration criteria, for 
this reason the reasonable open screen length should be 40 % of the aquifer thickness (see 
section 4.1.4). 
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4.5.3 Numerical simulations 
After the numerical models were accurately calibrated and validated (see section 4.4.3), two 
more  soil types  were  simulated.   With the  simulated  outflows from these  soil types, the 
standardized graphics is prepared folowing the same methodology presented in the previous 
section (4.5.2).  The simulation results from the original soil and the additional ones for the 
three batches are given in Table 4.5-1. Fig. 4.5-3 presents the relative standardized injection 
rate for  physical  models (selected  batches for  validation)  as  wel  as the results from the 
simulation used for validation and two simulated scenarios for the corresponding open screen 
length relative to static level. 
Table 4.5-1 Injection Rate  Results from the Simulated  Soil  Types for the Three  Scenarios: 
L7/C1B3, L5/C2B1 and L3/C3B1 
Simulated 
scenarios 
Open screen 
length (m) * 
Injection rate for the 
original aquifer 
material (m3/d) 
Injection rate for the 
soil type sand (m3/d) 
Injection rate for the 
soil type loamy sand 
(m3/d) 
L
7/
C
1
B
3
 
0.8 (> 100 %) 6.67 2.29 0.78 
0.6 (86 %) 6.48 2.23 0.76 
0.4 (57 %) 6.27 2.16 0.73 
0.2 (29 %) 6.00 2.08 0.71 
0.1 (14 %) 5.85 2.04 0.70 
L
5/
C
2
B
1
 
0.8 (> 100 %) 5.54 1.91 0.66 
0.6 (> 100 %) 5.52 1.89 0.65 
0.4 (80 %) 5.32 1.82 0.63 
0.2 (40 %) 5.07 1.74 0.60 
0.1 (20 %) 4.93 1.70 0.59 
L
3/
C
3
B
1 
0.8 (> 100 %) 2.68 0.94 0.34 
0.6 (> 100 %) 2.68 0.94 0.34 
0.4 (> 100 %) 2.66 0.93 0.33 
0.2 (67 %) 2.51 0.88 0.31 
0.1 (33 %) 2.42 0.85 0.30 
*The value in parentheses refer to the percentage of open screen length vs the aquifer thickness. 
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Fig.  4.5-3  Open Screen Length  Relative to Static Level  and Standardized Injection Rate for 
Physical Model; and Simulated Validation and Scenarios. 
The  numerical  simulations  show  a  behavior similar to the  experimental results.   Both 
standardized graphics (experimental and simulate) show the same trends.  Above a relative 
open screen length of 0.8, the standardized injection rate is above 0.95. Between a relative 
open screen length of 0.8 and 0.4 the standardized injection rate decreases, but it is stil above 
0.90. Under this relative screen length (0.4) the standardized injection rate is above 0.80. 
Regarding the compromises made in numerical model setup, the constant pressure head in 
the wel is considered as the critical one. The experimental data show an increasing pressure 
head in the wel with decreasing open screen length. Yet, the calibration scenarios show that 
modifying this  parameter renders outcomes that  were  not in  accordance  with the 
experimental data. Even if this situation is not what happened in the physical experiments – 
same  pressure  head  at  piezometers  #1  and  #5 for  al the  open  screen lengths, it renders 
acceptable results in the simulations (see Table 4.5-1).   Simulating  each  scenario  with the 
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actual heads in the outflow and the wel wil only increase the number of uncertainties when 
simulating distinct soils. 
4.6 Practical Implications 
To the best of the author’s knowledge, there is no guideline regarding the dimensioning of 
the screen length of an ASR wel in an unconfined aquifer.  The presented results stand as 
the first guideline regarding the dimensioning of the screen length for ASR and injection wels 
in unconfined aquifers. They can be used by any technician dimensioning the screen length 
in an unconfined aquifer at any part the world. 
Based on the experimental results, it can be stated that the optimum wel screen length is 
40 % of the saturated aquifer thickness for both recharge and recovery. If the wel wil only 
be used as an injection wel, then the wel screen length should be 80 % of the total saturated 
thickness of the aquifer. Screening the whole aquifer thickness in an injection wel wil only 
render  an  additional  5 %  of the  maximum injection  capacity.   Screening the  vadose zone 
renders no additional flow based on the experimental results. 
Furthermore, the  experimental results  also  brought insight into the injection  process in an 
unconfined aquifer, the optimum screen length in the recharge wels and the effect of this on 
the injection rate. Stil, more questions aroused from the experimental results: 
- What wil be the effect of injection of a partially penetrating wel screened from the 
top of the aquifer on the injection rate? 
- What wil be the effect on the injection rate if the wel is screened only in the vadose 
zone? 
- What wil be the effect of injection of a partially penetrating wel in a confined aquifer 
on the injection rate? 
The numerical simulations prove to be a suitable tool to validate the experimental results and 
extrapolate them to other soil types (with different hydraulic behaviors). Yet, there also remain 
some  open  questions regarding this tool,  especialy in  how to  overcome the  main 
compromises: 
- How wil the numerical simulation results improve if the wel was simulated as an open 
space capable to store water and not as a soil? 
- How wil the numerical simulation results improve if the boundary conditions alowed 
to simulate the outflow system as a boundary dependent on the injection rate, e.g., 
depending on another boundary condition? 
- And more importantly, is the improvement in the results important enough to justify 
these adjustments in the software package? 
4.7 Summary 
- A laboratory scale aquifer was set up to conduct experiments on the effect of the open 
screen length on the recharge flow. 
- The physical model boundary conditions were able to reproduce the conditions of the 
analytical models regarding flow to a wel. 
- The  preferential flow in the  physical  model  was  determined  by  measuring the 
piezometric level at different radi. It was considered negligible. 
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- The experimental setup can be easily modified to model other flow conditions, e.g., 
extraction wel, confined aquifer, layered aquifer, among others. 
- Based on the calibration results, the adjustment of the saturated hydraulic conductivity 
and its anisotropy yields a smal improvement in the results. 
- Due to the uncertainties related to the experimental setup and the smal improvement 
obtained  by  calibrating these two  parameters, the  original  measured  Ks  and  no 
anisotropy was used in the numerical model. 
- The  calibration  of the  wel  boundary  condition  shows  a  great improvement in the 
simulation outcomes. 
- Based on the calibration of the boundary condition in the wel, it was decided to model 
al open screen length configuration with the same boundary condition in the wel. 
- To simulate the buildup in the wel the nodes inside it were assigned a relatively high 
saturated  hydraulic  conductivity (4  orders  of  magnitude  higher than the  aquifer 
material). 
- Three regions can be recognized in the standardized graphic: 1) a non-significant effect 
on the relative recharge region, 2) an effect on the relative recharge region, and 3) a 
significant effect on the relative recharge region. 
- With  an  open  screen length  above  80 %  of the initially undisturbed  water level, a 
relative recharge of up to 95 % of the maximum recharge can be achieved. 
- With an open screen length between 80 and 40 % of the initially undisturbed water 
level, a relative recharge of up to 90 % of the maximum recharge can be achieved.  
- With an open screen length between 15 and 40 % of the initially undisturbed water 
level, a relative recharge of up to 80 % of the maximum recharge can be achieved.  
- Based on these experimental results, any increase in the wel open screen area above 
the undisturbed initial water level has no effect in the injected flow rate. 
- Based on the experimental results: 
• an ASR wel in an unconfined aquifer should have a wel screen length of 0.4 
times the saturated aquifer thickness from the bottom to the top. 
• an injection wel in an unconfined aquifer should have a wel screen length of 
0.8 times the saturated aquifer thickness from the bottom to the top. 
• the injection rate wil be 90 % of the maximum achievable injection rate in an 
ASR wel with a wel screen length of 0.4 times the saturated aquifer thickness 
from the bottom to the top. 
• the injection rate wil be 95 % of the maximum achievable injection rate in an 
injection  wel  with  a  wel  screen length  of  0.8 times the  saturated  aquifer 
thickness from the bottom to the top. 
- The physical  model results  were reproducible  with  a  numerical  model run  on  a 
numerical simulation software.  The results of the numerical simulations validate the 
experimental results for the soil used and for other types of soils. 
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5. General Conclusions 
The suitability of MAR as a tool to overcome the short-term droughts at the end of the dry 
season was evaluated in this work.  MAR techniques are an appropriate tool to surpass the 
seasonal distribution of water in Costa Rica under its environmental conditions. A three-level 
approach was used to reach this conclusion: a country analysis of sites that offer the best 
physical conditions for infiltration techniques, the assessment of a MAR project at a regional 
level, and experimentation at a laboratory-scale aquifer-wel system. 
With a relatively short network of rivers (specialy towards the Pacific) and steep mountain 
ranges  dividing Costa  Rica from  north to  south, rivers and  other  superficial  bodies tend to 
reduce their discharge at the end of the dry season. Even if the country’s average precipitation 
is high, during the months of the dry season the total precipitation could be under 50 mm in 
some parts of the country. This has a direct consequence on the available water resources, 
which  pushes the  extraction  of  groundwater resources  when the surface  water resources 
become  scarce.  In this  scenario,  MAR  could  be  a  useful tool to the  water  management 
authorities to optimize the conjunctive use of superficial and groundwaters, with the additional 
advantage of storage provided by MAR. 
Additionaly, this work wil help to improve the general perception of MAR as an exclusive 
water  management tool for  arid  and  semi-arid regions.  Countries located in the tropical 
regions, like  Costa  Rica, are  generally abundant in water resources,  yet, their seasonal 
distribution  does  not  hold true this  affirmation throughout the  year.   These countries 
experience a decrease of their water resources as soon as the rainy season comes to an end, 
which creates real water scarcity problems at the end of the dry season in many parts of the 
country. This situation makes MAR more attractive in these regions, as recharge sources of 
water are abundant during more than half of the year – the rainy season. 
The suitability map created (Chapter 2) is a tool for al water users. It ranks the country’s areas 
in relation to four physiographical criteria. The high-ranked areas are the ones with the higher 
potential to sustain a spreading methods MAR project. Demand was not included, as this wil 
render the tool  exclusively to the  user demand.   Any  water  user  can  overlay  his/her own 
demand needs and identify the areas where demand and high ranked areas converge. These 
highlighted areas should then be further studied (as proposed in Chapter 3). 
The  assessment  of  a  MAR  project at a regional level (Chapter  3) is  a fundamental task in 
planning and developing such project. Demand is the main driver of MAR in this assessment, 
folowed by available sources of recharge water, and a suitable aquifer system to store and 
recover this recharge.  The Australian Guideline presents a quick assessment checklist that 
also  helps to identify the  knowledge  gaps in the folowing  assessment  stages (detailed 
investigations, pilot project, and ful-scale operation). The results of detailed investigation, like 
the one proposed by the Australian Guideline, are presented in Chapter 4. 
The  experiments regarding the  screen  wel length  effect on the injection rate (Chapter 4) 
brought light to the  dimensioning  of wel length  screen in  an  unconfined  aquifer for  both 
injection and ASR wels.  The optimal screen length for both types of recharge wels were 
defined based on the experimental results. The experimental results wil aid the technicians 
in dimensioning recharge wels in an unconfined aquifer in any part of the world, as wel as in 
understanding the effect of different screen length configurations. To the best of the author’s 
knowledge, this experimental setup and the research topic are the firsts of their kinds. 
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Based on the countrywide analysis (Chapter 2), the folowing conclusions were drawn: 
- It was possible to identify ideal areas or regions for the MAR spreading methods in Costa 
Rica based on four physiographical criteria. 60 % of the country’s total area is suitable for 
infiltration MAR techniques and 30 % of the country is ranked as high or very high. 
- The suitability map is a tool open to al water users; it shows the ranked areas according to 
the four physiographical criteria. It needs the other criteria (climate and anthropogenic) to 
become the right tool for specific users. 
- Highly-ranked  suitable  areas  are found to the  north (Pacific  and  Caribbean lowlands) of 
Costa Rica. The North Pacific region is also the area of the country with a longer dry season 
(up to four months) and with less yearly precipitation (between 1800 and 2640 mm). 
- The suitability map is a first evaluation tool for the water sector decision-makers.  It is a 
tool for decision-makers to  alocate their resources focusing on their specific needs (i.e. 
water demand, available recharged water, among others).  Further research is needed at 
the identified areas prior to the implementation of a ful-scale MAR project. 
- The regions  where  detailed research is  needed to  conduct  a  spreading  methods  MAR 
project can be prioritized based on the identified areas that present the best physiographical 
conditions to sustain a successful spreading methods MAR project 
For the regional approach (Chapter 3), the folowing conclusions were drawn: 
- It was possible to assess the feasibility of a MAR project at a regional level in the Machuca 
River basin. The Australian MAR Guidelines were used to reach this conclusion. 
- There was enough base information to go through the five critical steps checklist of the 
Australian MAR Guideline in the Machuca River basin. The hydrogeological characterization 
of the aquifer suitability was the most time-consuming task of al five critical steps. 
- It is feasible to develop a MAR project in the Machuca River as there is a demand for water, 
adequate  sources  of recharge  water,  suitable  aquifers to  store  and recover the  water, 
enough land to  construct the  necessary infrastructure, and  capability in the  country to 
manage it. 
- Demand is not currently met by al the water supply systems in the Machuca River basin 
and, with urbanization, it is expected to rapidly increase in the coming years. 
- The  seasonal  behavior  of the  studied  superficial  water  bodies (Centeno,  Machuca, and 
Jesús María rivers) is quite marked. The difference of the monthly discharge between the 
rainy and dry season is over one other of magnitude. 
- Wels with a positive hydraulic barrier (recharge source) identified during the pumping test 
were disregarded. It is highly likely that the water recharged into this aquifer wil ultimately 
end up in this recharge source. 
- The best aquifer materials to develop a MAR project are located in the Coyolar and Orotina 
areas, specificaly in the fractured lavas and aluvium materials. 
- The water intakes (existing and proposed) are located in the upper parts of the river basin, 
where the land is largely available. Also, al the land where the AyA built its wels is owned 
by this institute. 
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- The AyA is the water supply operator with the built-in capacity to develop a MAR project in 
the Machuca River basin. In the country, other institutions with the capacity to develop a 
MAR project are SENARA and ESPH. 
- An ASADA can develop the assessment of a MAR project with the aid of the academia, 
but it wil require further support to operate and manage it. The joint public-private aliance 
could also encourage both the ASADAs and the private sector to develop a localized MAR 
project. 
- Based on the feasibility analysis, a pilot project should be developed as the next stage and 
in-depth investigations should also be carried out prior to developing and operating a ful-
scale  MAR  project in the  Machuca  River  Basin.   The  Coyolar location  offers the  best 
alternative to conduct such a pilot project in the Machuca River Basin. 
For the laboratory experiment (Chapter 4), the folowing conclusions were drawn: 
- It  was  possible to reproduce  an  aquifer wel  system  under laboratory  conditions.   The 
experimental setup was arranged to research the effect of the wel screen length on the 
injection rate in an unconfined aquifer. 
- Different wel  screen length configurations  were tested in the laboratory in  order to 
generate a dimensioning guideline for both injection and ASR wels. 
- The optimal screen length from the injection point of view in an unconfined aquifer should 
be: a) 80 % of the total saturated aquifer thickness for an injection wel and b) 40 % of the 
total saturated aquifer thickness for an ASR wel. 
- With a screen length of 80 % of the total saturated aquifer thickness, 95 % of the maximum 
achievable injection rate was reached. 
- With a screen length of 40 % of the total saturated aquifer thickness, 90 % of the maximum 
achievable injection rate was reached. 
- With a screen length of 15 % of the total saturated aquifer thickness, 80 % of the maximum 
achievable injection rate was reached. 
- The numerical simulations were a quick tool to validate and extrapolate the experimental 
results to other soil types. 
Analyzing the results obtained, one can conclude that MAR can be successfuly applied under 
the environmental conditions of Costa Rica. It stands as a suitable alternative to manage the 
water resources in a tropical country – with abundant water resources in the rainy season. 
MAR tools could help overcome the water scarcity at the end of the dry season in the country. 
It could also help in managing the intrusion of saline water in the coastal aquifers and in daily 
storage for water supply systems. Furthermore, the approach taken to evaluate MAR in Costa 
Rica can be extrapolated to more countries in Latin America and tropical regions of the world. 
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6. Outlook 
- MAR  offers  a  great tool for integrated management  of water resources in the  drinking 
water supply sector of Costa Rica, particularly to the AyA. With a variety of water sources 
in many of the existing WSS (many operating DWTP, springs, and wels already connected 
by water pipelines), the abundant water resources from the rainy season can be treated 
and stored in the aquifers currently exploited (if suitable). The investment in infrastructure 
wil be mostly reduced for the expansion of the capacity of the DWTP’s and building ASR 
wels, as the pipelines already exist. 
- There are many more MAR opportunities in Costa Rica, not only related to drinking water 
supply, but to other uses such as agriculture and industry, as wel as with other objectives, 
like controling the intrusion  of saline  water.   Historicaly,  agriculture  has  been  mostly 
rainfed in  Costa  Rica,  particularly in the Caribbean  and  Northern lowlands.   With the 
extended droughts of the last years, this sector is now building irrigation infrastructure fed 
by groundwater systems.  Agricultural companies are interested in sustainable solutions, 
like MAR. To address this change, they have experience in their water sources. 
- The academia, and their research capability, in Costa Rica is strong.  They are excelent 
alies for introducing new ways to manage the water resources. They are also experienced 
in communicating the research outcomes to the public. MAR needs to be known by the 
public before  any implementation takes  place.   Not  having the  social  support  can  put  a 
technicaly feasible and viable MAR project out of implementation for the sole reason of 
not being accepted by the public. 
- The suitability map for spreading methods is a tool for decision-makers. As any tool, it 
wil only be useful when the water users overlay their needs, hence, use it. It is a first 
attempt to prioritize research in highly-ranked regions. Similar maps could be created for 
other countries or regions (e.g. Central America or the Caribbean) in order to develop 
regional tools, and aid in regional decision-making, rather than at a country level. 
- The Enricon wel field in the Machuca River Basin is currently the best alternative to develop 
a MAR pilot project.  The assessment is already done, and al five critical elements were 
surpassed.  The  Enricon wel field is found in the  Coyolar location,  and  one  of its  wels 
reaches the lava materials. A new ASR wel should be built in the wel field property, owned 
by AyA, which has an area of a little over one hectare. Furthermore, the Enricon wel field 
is  close to the  Pital-Centeno  WSS, which  means little investment in infrastructure is 
necessary, as there is no need to develop pipelines to get the water to the wel field. 
- The experiment on the aquifer-wel system could be modified to alow different aquifer and 
operation configurations.  This renders a flexible laboratory setup that can be used easily 
as a physical model to test confined aquifers, extraction wels, layered aquifers, and more. 
Under these different  configurations,  distinct  phenomena  can  be researched, such as: 
clogging in  ASR  and their  solutions; the effect  of  developing  a  wel on the 
injection/discharge rate;  screen lengths in  unconfined  aquifers  and their  effect on the 
injection/discharge rate and piezometric levels; the effects of ASR in layered aquifers; dual 
injection/discharge wels and their effect in the control of saline intrusion, among others. 
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Table A.B 1 Synthesis of the Reinterpretation of the Pumping Tests 
Wel ID 
location 
Aquifer 
type / 
material 
Aquifer 
depth 
(masl) 
Transmissivity 
original / 
reinterpret. 
(m2/d) 
Saturated 
hydraulic 
conductivity, 
Ks (m/s) 
Observations from 
reinterpretation 
BC-170 
Jesús María 
Unconfined / 
Tuff 
176-144? 31 / 1.4 5.1x10-7 Positive barrier 
encountered 
BC-173 
Higuito 
Confined / 
Coluvium 
198-182* ND / 16 1.5x10-5 Material dewatered 
during pump test, water 
escaped at 174 masl 
BC-266 
Higuito 
Confined / 
Lava 
194-168? 28 / 47 2.1x10-5 NEI 
BC-701 
Higuito 
Unconfined / 
Lahar 
201-163 5 / NEI  Positive barrier 
encountered and wrong 
model applied. 
BC-924 
Higuito 
Confined / 
Lava 
159-132? 1 / NEI NEI Variable discharge and 
positive barrier 
encountered 
BC-946 
Higuito 
Confined / 
Lava 
179-136? 0.24 / 1.2 3.2x10-7 Low fractured density 
and positive barrier 
encountered 
BC-149 
Orotina 
Confined / 
Lava 
145-139?* 450 / 450 8.7x10-4 Water escaped at 182 
masl, reappeared at 163 
masl and discharge 
increased at 145 masl 
BC-200 
Orotina 
Unconfined / 
Sandy clay 
141-104? 5 / NEI NEI Material dewatered 
during driling and 
positive barrier 
encountered 
BC-204 
Orotina 
Confined / 
Lava 
54-50? ND / 9 2.6x10-5 Tuff (122-54 masl) was 
saturated, yet the 
aquifer material is the 
confined lava. 
BC-207 
Orotina 
Confined / 
Coluvium 
173-153? 1.5 / NEI NEI No data for 
reinterpretation 
BC-652 
Orotina 
Unconfined / 
Aluvium 
79-73 0.026 / NEI NEI Variable discharge and 
positive barrier 
encountered 
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Wel ID 
location 
Aquifer 
type / 
material 
Aquifer 
depth 
(masl) 
Transmissivity 
original / 
reinterpret. 
(m2/d) 
Saturated 
hydraulic 
conductivity, 
Ks (m/s) 
Observations from 
reinterpretation 
BC-111 
Coyolar 
Confined / 
Tuff 
120-110? 17 / NEI NEI No data for 
reinterpretation 
(graphical). 
BC-162 
Coyolar 
Confined / 
Tuff 
145-139 116 / NEI NEI No data for 
reinterpretation 
BC-252 
Coyolar 
Confined / 
Tuff & shale 
125-72 30 / 29 6.6x10-6 Ks for both materials 
BC-550 
Coyolar 
Unconfined / 
Aluvium 
133-94 9 / NEI NEI No early data, wrong 
model applied, and 
positive barrier. 
BC-656 
Coyolar 
Confined / 
Aluvium 
144-123 ND / 160 8.8x10-5 Wel 04-23 
BC-661 
Coyolar 
Confined / 
Aluvium 
123-121 ND / 160 8.8x10-5 Wel 03-07 
04-35 
Coyolar 
ND ND ND /101 NEI NEI 
04-36 
Coyolar 
Confined / 
Lava 
109-100 ND / 90 1.2x10-4 NEI 
BC-676 
Guacimo 
Unconfined / 
Gravel 
102-57 4 / NEI NEI No data for 
reinterpretation and 
wrong model 
BC-685 
Guacimo 
Unconfined / 
Gravel 
84-71 440 / NEI NEI No data for 
reinterpretation and 
wrong model 
NEI = not enough information. It is not possible to do an accurate interpretation. 
ND = no data. The transmissivity was not reported in the driling log. 
? = the elevation refers to the end of the driling, the material could extend deeper. 
*water “disappeared” when lava was reached. 
**Tuff material from 122 to 54 masl was saturated, yet the aquifer material is the confined lava. 
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In der Schriftenreihe „Beiträge zu Abfalwirtschaft/Altlasten“ des Institutes für Abfal- und 
Kreislaufwirtschaft sind folgende Bände erschienen: 
 
 Preis EUR 
 zzgl. Porto und Versand 
 Erstes Abfal- und Altlastenkoloquium – Altholzseminar vergriffen 
Band 1  Möglichkeiten  und  Grenzen  der  Verbrennung  von 
landwirtschaft-lichen  Reststoffen  und  Nebenprodukten für  die 
Kalkproduktion 
vergriffen 
Band 2 Steuerungsmöglichkeiten abfalwirtschaftlicher Gebühren vergriffen 
Band 3 Prozeßbezogene  Silberbilanzierung  bei  der  Diafilmentwicklung 
im Fotogroßlabor 
begrenzt 
kostenlos 
Band 4 Langzeitverhalten von Deponien vergriffen 
Band 5 Steuerungsmöglichkeiten  abfalwirtschaftlicher  Gebühren in 
Großwohnanlagen 
vergriffen 
Band 6 6 Jahre Verpackungsverordnung – eine Zwischenbilanz vergriffen 
Band 7 Anaerobe biologische Abfalbehandlung begrenzt 
kostenlos 
Band 8 125 Jahre geordnete Mülabfuhr in Dresden vergriffen 
Band 9 Thermische Abfalbehandlung Co-Verbrennung vergriffen 
Band 10 Ein Simulationsmodel des Kompostierungsprozesses und seine 
Anwendung  auf  Grundfragen  der  Verfahrensgestaltung  und 
Verfahrensführung 
vergriffen 
 
Band 11 Auswirkungen der Konzentratrückführung nach der Membran-
filtration  auf  die  Sickerwasserneubildung  von 
Hausmüldeponien 
vergriffen 
Band 12 Anaerobe biologische Abfalbehandlung 
Erfahrungen – Konzepte – Produkte 
vergriffen 
Band 13 Stoffstrommanagement für Abfäle aus Haushalten  vergriffen 
Band 14 Langzeitemissionsverhalten  von  Deponien für  Siedlungsabfäle 
in den neuen Bundesländern 
vergriffen 
Band 15 Untersuchungen  zum  Säurepufferungsverhalten  von  Abfälen 
und zur Stofffreisetzung aus gefluteten Deponien 
begrenzt 
kostenlos 
Band 16 Brennstofftechnische Charakterisierung von Haushaltsabfälen vergriffen 
Band 17 Einfluss von Deponien auf das Grundwasser 
- Gefährdung, Prognose, Maßnahmen - 
vergriffen 
Band 18 Analytical Workshop on Endocrine Disruptors  vergriffen 
Band 19 Anaerobe biologische Abfalbehandlung 
Grundlagen – Probleme – Kosten 
begrenzt 
kostenlos 
Band 20 Thermische Abfalbehandlung 2002 vergriffen 
Band 21 Einfluss  der  getrennten  Sammlung  von graphischem  und 
Verpackungspapier  auf  den  Schadstoffgehalt im  Altpapier  am 
Beispiel von Pentachlorphenol und Polycyclischen Aromatischen 
Kohlenwasserstoffen 
vergriffen 
Band 22 Die „ökologische  Wertigkeit  der  Entsorgung“  unter 
Berücksichtigung  des  Transportaspektes  am  Beispiel 
Altkühlgeräte im Land Brandenburg 
vergriffen 
Band 23 Endokrin  wirksame  Substanzen in  Abwasser  und  Klärschlamm 
Neueste Ergebnisse aus Wissenschaft und Technik  
begrenzt 
kostenlos 
Band 24 Ökologische  Bilanzierung  von Verwertungsverfahren für 
Trockenbatterien 
vergriffen 
Band 25 Untersuchungen  zur  Verdichtung  von  Restabfal  mittels 
Kompaktoren  
vergriffen 
Band 26 Ein neues Probenahmemodel für heterogene Stoffsysteme begrenzt 
kostenlos 
Band 27 Schwermetale in Haushaltsabfälen – Potenzial, Verteilung und 
Steuerungsmöglichkeiten durch Aufbereitung 
vergriffen 
Band 28 Third International  Conference  on  Water  Resources  and 
Environment Research (3 Bände) 
vergriffen 
Band 29 Mikrobieles Abbaupotential im Untergrund begrenzt 
kostenlos 
Band 30 Endokrin aktive Stoffe im Klärschlamm begrenzt 
kostenlos 
Band 31 First European Conference on MTBE vergriffen 
Band 32 Anaerobe biologische Abfalbehandlung 
– Neue Entwicklungen – 
vergriffen 
Band 33 Potenzial technischer Abwasser- und Klärschlammbehandlungs-
verfahren zur Elimination endokrin aktiver Substanzen  
26,00 
Band 34 Verhalten der endokrin wirksamen Substanz Bisphenol A  
bei der kommunalen Abwasserentsorgung  
26,00 
Band 35 Trockene  Tonne – Neue  Wege  und  Chancen einer  gezielten 
stofflichen Verwertung 
15,00 
Band 36 Comparative Evaluation of Life Cycle  
Assessment Models for Solid Waste Management 
10,00 
Band 37 Abfalkennzahlen für Neubauleistungen im Hochbau 10,00 
Band 38 Endokrin aktive Stoffe in Abwasser und Klärschlamm 30,00 
Band 39 Handbook on the implementation of Pay-As-You-Throw  
as a tool for urban waste management 
vergriffen 
Band 40 Thermische Abfalbehandlung 2005 vergriffen 
Band 41 Anforderungen  an  die  Aufbereitung  von  Siedlungs- und 
Produktionsabfälen  zu  Ersatzbrennstoffen für  die thermische 
Nutzung in Kraftwerken und industrielen Feuerungsanlagen 
30,00 
Band 42 Perspektiven von Deponien – Stillegung und Nachnutzung 
nach 2005 
30,00 
Band 43 Verfahren  zur  Herstelung  und  zum  Einbau Kornskelett-
integrierter-Erdstoffabdichtungen unter Vakuumeinfluss  
30,00 
Band 44 Restabfalmengen  aus  privaten  Haushalten in  Sachsen – 
Entwicklung  eines  abfalwirtschaftlichen  Simulations- und 
Prognosemodels 
30,00 
Band 45 Effizienz-Model  zur  Bewertung der  Transportlogistik in  der 
Abfalwirtschaft 
30,00 
Band 46 Anaerobe biologische Abfalbehandlung 
- Entwicklungen, Nutzen und Risiken der Biogastechnologie - 
30,00 
Band 47 Analytik  und  Freisetzungsverhalten  von  Chlor in 
abfalstämmigen Brennstoffen 
30,00 
Band 48 Das ElektroG und die Praxis                        
Monitoring – Erstbehandlung – Technik 
30,00  
Band 49 Resource Efficiency Strategies for Developing Countries 30,00 
Band 50 Thermische Abfalbehandlung 2007 30,00 
Band 51 Untersuchungen  zur  Qualifizierung  der  Grundwasserimmision 
von  polyzyklischen  aromatischen  Kohlenwasserstoffen  mithilfe 
von passiven Probennahmesystemen 
30,00  
Band 52 Abfalwirtschaft und Klimaschutz              Emissionshandel-
Emissionsminderung-Klimaschutzprojekte 
30,00  
Band 53 Wirbelschichttechnik in der Abfalwirtschaft 30,00 
Band 54 EBS – Analytik – Anforderungen – Probleme – Lösungen 30,00 
Band 55 Improvements  of  Characterization  of  Single  and Multisolute 
Absorption of Methyl tert-Butyl Ether (MTBE) on Zeolites 
30,00  
Band 56 Proceedings MGP 2008                     Redevelopment, 
Site Management and Contaminant Issues of former MGP’s and 
other Tar Oil Poluted Sites 
30,00 
Band 57 Anaerobe biologische Abfalbehandlung 
-Neue Tendenzen in der Biogastechnologie 
30,00 
 
Band 58 Leitfaden  Natürliche  Schadstoffminderung  bei  Teerölaltlasten. 
KORA-Themenverbund 2 
begrenzt 
kostenfrei  
Band 59 VON NANO-TECH BIS MEGA SITES. Forschung am IAA 30,00  
Band 60 I. EBS – Analytik Workshop                            - 
Qualitätssicherung und Inputkontrole - 
30,00  
Band 61 4. Symposium Endokrin aktive Stoffe in Abwasser, 
Klärschlamm und Abfälen 
30,00  
Band 62 Brennpunkt ElektroG                                                      
Umsetzung - Defizite - Notwendigkeiten 
30,00
Band 63 Umweltverträgliches und kosteneffizientes 
Bodenmanagementsystem 
30,00 
Band 64 Untersuchungen zur Quelstärke verschiedener 
Abfalstoffe 
30,00 
Band 65 15. Fachtagung Thermische Abfalbehandlung 2010 39,00 
Band 66 II. EBS – Analytik Workshop 30,00 
Band 67 Anaerobe biologische Abfalbehandlung 
- Aktuele Tendenzen, Co-Vergärung und Wirtschaftlichkeit 
30,00 
Band 68 Untersuchungen zum anaeroben Abbau proteinreicher 
Reststoffe 
30,00 
Band 69 Schwermetale aus Elektroaltgeräten und Batterien im 
kommunalen Restabfal   
30,00 
Band 70 German-Vietnamese Platform for Efficient Urban Water 
Management    
kostenlos 
als CD 
erhältlich 
Band 71 Siloxane in mechanisch-biologischen 
Abfalbehandlungsanlagen 
30,00 
Band 72 Charakterisierung und Verbrennung von 
Shredderleichtfraktionen in einer stationären 
Wirbelschicht 
30,00 
Band 73 Integrated Water Resources Management in Vietnam – 
Handbook for a sustainable approach 
30,00 
Band 74 
 
Quản lý tích hợp tài nguyên nước ở Việt Nam – Sách hướng dẫn 
tới phát triển bền vững  
30,00 
Band 75 
 
Bereitstelung  von  bioabfal für  die  BtL-Produktion  duch  eine 
nassmechanische Aufbereitung 
30,00 
Band 76 
 
Nutzung  von  NA-Prozessen  zur  Samierung  MTBE-belasteter 
Grundwässer  am  Beispiel  des  Referenzstandortes  Leuna, 
Sachsen –Anhalt 
30,00 
Band 77 
 
Vermeidung von Treibhausgasemissionen durch Steigerung der 
Energieeffizienz deutscher Mülverbrennungsanlagen 
30,00 
Band 78 
 
Strategic  Directions  and  Policy  Options for  Hazardous  Waste 
Management in Thailand 
30,00 
Band 79 
 
20 Jahre  Abfalwirtschaft, Herstelerverantwortung, 
Produktpolitik /  20  years  Waste  Management,  Producer 
Responsibility, Product Policy 
30,00 
Band 80 SILOXANE - Siliziumorganische  Verbindungen in  der 
Abfalwirtschaft 
30,00 
Band 81 8. Biogastagung Dresden - Biogas aus Abfälen und Reststoffen 30,00 
Band 82 Biogas and Mineral Fertiliser Production from Plant Residues of 
Phytoremediation 
30,00 
Band 83 Guidelines for a sustainable restoration, stabilisation and 
management of lakes in the tropics 
30,00 
Band 84 Entwicklung  eines Schneltestsystems  zur  Bestimmung 
brennstoffrelevanter Parameter von Ersatzbrennstoffen 
30,00 
Band 85 A  Laboratory  Simulation  of  Municipal  Solid  Waste 
Biodegradation in Landfil Bioreactors 
30,00 
Band 86 Potentials  and  Limitations  of  Energy  Recovery from Municipal 
Solid Waste in Vietnam 
30,00 
Band 87 Risk-Based Management of Chemicals and Products in a Circular 
Economy at a Global Scale  
30,00 
Band 88 Biokunststoffe in Verwertung und Recycling 30,00 
Band 89 The  effect  of  sediment removal  on  selected processes  of 
nitrogen cycle in Hoan Kiem Lake (Hanoi, Vietnam) 
30,00 
Band 90 Nachhaltiger  Umgang  mit  nicht  erneuerbaren  Ressourcen - 
Stoffstrommanagement  als  Verbindung  zwischen 
Abfalwirtschaft und Chemiepolitik  
30,00 
Band 91 Evaluation  of informal  sector  activities in  Germany  under 
consideration  of  electrical  and  electronic  waste  management 
systems 
30,00 
Band 92 9.  Biogastagung  Dresden - Anaerobe  Biologische 
Abfalbehandlung 2013 
30,00 
Band 93 Recycling  von  PVC  aus  Kunstoffabfälen  mit  Hilfe  des 
Carbidprozesses 
30,00 
Band 94 Modelierung von Strömungs- und Stofftransportprozessen bei 
Kombination  der  ungesättigten  Bodenzone  mit technischen 
Anlagen. 
30,00 
Band 95 Untersuchungen zur Biofiltration flüchtiger Methylsiloxane 30,00 
Band 96 Desintegration  und  anaerobe  Verwertung  bioabbaubarer 
Biokunststoffe 
30,00 
Band 97 10.  Biogastagung  Dresden - Anaerobe  Biologische 
Abfalbehandlung 2015 
30,00 
Band 98 n.n. (Veröffentlichung folgt)  
Band 99 Entwicklung und Implementierung einer Methodik zur Erfassung 
der Grünschnittpotenziale von Siedlungs- und Verkehrsflächen 
in kommunale Verwertungsstrukturen 
30,00 
Band 100 Review of arsenic contamination and human exposure through 
water and food in rural areas in Vietnam Hanoi  
30,00 
Band 101 11.  Biogastagung  Dresden (21./22.  September  2017): 
Anaerobe  biologische  Abfalbehandlung – Innovationen  und 
Internationalisierung 
30,00 
Band 102 n.n. (Veröffentlichung folgt)  
 
 
Die vergriffenen Bände 16, 27, 31, 32 und 39 können als CD zum Preis von 15,- € + 
Porto und Verpackung versendet werden. 
 
Besteladresse: Forum für Abfalwirtschaft und Altlasten e. V. 
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   Germany 
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